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ABSTRACT

The propellane alkaloids comprise a large class of natural products that possess
varying degrees of structural complexity and biological activity. The earliest of these to
be isolated was acutumine, a chlorinated alkaloid that has been shown to exhibit selective
T-cell cytotoxicity and antiamnesic properties. Alternatively, the hasubanan family of
natural products has garnered considerable attention from the synthetic community in
part due to its structural similarities to morphine. While these alkaloids have been the
subject of numerous synthetic studies over the last forty years, very few enantioselective
total syntheses have been reported to date.

As part of a research program directed towards the synthesis of various alkaloid
natural products, we have developed a unified strategy for the preparation of the
hasubanan and acutumine alkaloids. Specifically, a highly diastereoselective 1,2-addition
of organometallic reagents to benzoquinone-derived fert-butanesulfinimines was
established, which provides access to enantioenriched 4-aminocyclohexadienone
products. This methodology enabled the enantioselective construction of functionalized
dihydroindolones, which were found to undergo intramolecular Friedel-Crafts conjugate
additions to furnish the propellane cores of several hasubanan alkaloids. As a result of
these studies, the first enantioselective total syntheses of 8-demethoxyrunanine and
cepharatines A, C, and D were accomplished in 9-11 steps from commercially available
starting materials.

More recent efforts have focused on applying the sulfinimine methodology to the
synthesis of a more structurally complex propellane alkaloid, acutumine. Extensive

studies have determined that a properly functionalized dihydroindolone undergoes a
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photochemical [2+2] cycloaddition followed by a lactone fragmentation/Dieckmann
cyclization to establish the carbocyclic framework of the natural product. The preparation
of more appropriately oxidized propellane intermediates is currently under investigation,

and is anticipated to facilitate our synthetic endeavors toward acutumine.
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CHAPTER 1

An Introduction to the Hasubanan Alkaloids

1.1.  Introduction

The hasubanan alkaloids comprise a large class of natural products isolated from the
Menispermaceae family of plants, which have long been used in traditional Chinese
medicine for the treatment of pain, arthritis, fever, and many other illnesses.' Since their
initial discovery in the 1920s, over 80 members of this collection of alkaloids have been
isolated to date.”* Each of these compounds can be structurally characterized by the
presence of a densely functionalized [4.4.3] propellane framework (3, Figure 1); and can
be further organized based on the oxidation pattern that adorns their propellane core. For
example, cepharamine (1) and 8-demethoxyrunanine (2) constitute the least oxidized
hasubanan alkaloids, due to their lack of a functional group at the C8 carbon. Introduction
of a C8 oxygen functionality leads to natural products bearing the hasubanonine
oxidation pattern, such as hasubanonine (4), aknadinine (5), runanine (6), and delavayine

(7). Additional oxidation at the C10 carbon is characteristic of the oxo-bridged propellane
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alkaloids, including metaphanine (8), longanine (9), periglaucine A (10), and
stephabenine (11).

Since their initial structural elucidation in the 1960s, the hasubanan alkaloids have
garnered considerable attention from the synthetic community in part due to their
resemblance to morphine. Indeed, the hasubanan and morphinan frameworks differ
primarily in their D ring composition: whereas 3 contains a C14-N bond to form a
pyrrolidine, the morphine backbone presents the analogous C9-N-linked piperidine ring.
Additionally, these natural products are of opposite enantiomeric series; as a result, it has
been speculated that the unnatural enantiomers of the hasubanan alkaloids might exhibit
analgesic activity.! Although studies aimed at assessing this hypothesis have yet to be
reported, several naturally occurring hasubanans display promising biological properties.
For instance, the oxo-bridged propellanes periglaucine A (10) and longanine (9) were
found to demonstrate anti-hepatitis B virus activity and selective d-opioid receptor
binding affinity, respectively.’

As a result of their unique molecular architecture and potential biological
applications, the hasubanans have been the subject of numerous synthetic endeavors over
the last 50 years. Herein, the diverse array of strategies employed to target their
propellane framework are discussed. Preceding the discussion of these reports, a brief
history of the hasubanan family of natural products is presented, including their isolation

and biosynthetic origins.
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OMe

cepharamine
oxidation

OMe hasubanan
OMe framework

cepharamine (1) 8-demethoxyrunanine (2) '=--=--s-s---e-

MeO.

hasubanonine
oxidation

OMe OMe

OMe OMe
hasubanonine (4) aknadinine (5)
MeO. l MeO. l
metaphanine ~ MeO HO
oxidation ] ]
N, 1IN
Me “Me
OH HO OH
o OMe
OMe
metaphanine (8) longanine (9) periglaucine A (10) stephabenine (11)

Figure 1. Representative members of the hasubanan alkaloids.

1.2. Isolation

In 1924, Kondo and coworkers described the isolation of metaphanine (8), an oxo-
bridged hasubanan alkaloid.® Its structure was not elucidated until 1964, when Takeda
and coworkers characterized the new compound by IR and 1D NMR spectroscopy, as
well as a number of derivitazation studies.” Specifically, degradation of 8 under reducing
conditions delivered anthracene derivative 12, a structural motif observed to arise from
the degradation of morphine alkaloids (Figure 2). In addition, sequential reduction of 8
afforded hasubanan 13, a known compound whose enantiomer has been prepared from a
codeinone intermediate. Using these structural techniques, Tomita and coworkers

disclosed the structures of cepharamine (1)° and hasubanonine (4).” These structural
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assignments were validated in 1968, when Kupchan and coworkers obtained an X-ray
crystal structure of the brosylate derivative of aknadinine (5).* As novel hasubanan
alkaloids began to emerge, 2D NMR techniques and mass spectrometry became
important tools for more efficient structural determination. For example, the structure of
runanine (6) was ascertained by extensive NOE experiments. Additionally, the most
abundant ion peak observed in the mass spectrum of 6 was m/z = 315, which corresponds
to loss of its ethylamine chain.” This type of fragmentation is characteristic of propellane
alkaloids bearing the hasubanonine framework.'"" Taken together, these pioneering
studies laid the foundation for the characterization of subsequently discovered hasubanan

alkaloids.

MeO MeO
O O 1.KOH, N;HgsH,0 ~ MeO
MeO MeO ethylene glycol
1. Ac,0, heat I'Z 2, PtO,, H, MeO
2. KOH, MeOH dR\N —>
O 3. Mel Me
OH

OMe

12 OMe [0}
metaphanine (8)

Figure 2. Structural elucidation of metaphanine (8).

In more recent years, a significant number of natural products comprising the
metaphanine oxidation pattern have been discovered: over 20 oxo-bridged hasubanans
have been reported in the last 10 years.'" Interestingly, members of this subfamily of
alkaloids are the only hasubanans found to demonstrate medicinal properties (vide supra).
Moreover, the recent emergence of oxo-bridged hasubanans in the literature raises
numerous questions regarding their biosynthetic relationship to their less oxidized

congeners. While studies that probe the biological relationship of these alkaloids are
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limited, elegant studies that shed light on their biosynthesis have been conducted and are

presented below.

1.3. Biosynthesis

The structural similarities between the morphinan and hasubanan alkaloids have been
exploited to examine the biosynthesis of hasubanonine. Specifically, it is known that
morphine is derived from the coupling of two tyrosine building blocks, which initially
generates an isoquinoline intermediate.'> With these considerations in mind, Battersby
and coworkers conducted feeding experiments with '“C-labeled tyrosine and isoquinoline
derivatives bearing an array of arene oxidation patterns."” These investigations revealed
that the hasubanan framework is indeed derived from two different tyrosine-based
building blocks. Moreover, the authors concluded that the C ring of S originates from
trioxygenated intermediate 14 (Figure 3). Importantly, the oxidation of tyrosine occurs
prior to isoquinoline formation: a number of analogous mono- and dioxygenated

isoquinolines were not incorporated into the natural product.

15 OH

phenol
oxidation

MeO. !
reduction, HO
isomerization

Figure 3. Proposed biosynthesis of the hasubanan alkaloids.
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Based on these findings, 14 is believed to undergo a condensation reaction with a
tyrosine derivative to deliver 15, which upon oxidation affords 16."° In analogy to
morphinan biosynthesis, an intramolecular oxidative coupling between the C12-C13
carbons is believed to deliver piperidine 17. At this point, the propellane backbone is
hypothesized to arise from an initial intramolecular conjugate addition of the basic amine
into the enone system, giving rise to aziridinium ion 18. Reduction of this intermediate
generates the corresponding pyrrolidine, which can then undergo isomerization of the C

ring to give 5.

conditions A or B

A: AgOAc, AcOH, 33% yield
B: NaOAc, DMF/H,0, 52% yield

MeO.
O conc. H,SO,
—_—
h
N NHPh
\g/ (68% yield)
2

'
1

Figure 4. Conversion of morphinans to propellane intermediates.

Although the proposed skeletal rearrangement of 17 to 5 has not been validated with
experimental data, researchers have successfully converted a morphine derivative to a
propellane alkaloid. In one example, Kirby and coworkers facilitated the conversion of
thebaine-derived iodide 19 to propellane 20 by exposure to Ag- or NaOAc (Figure 4);'*
this reaction presumably proceeds via displacement of the allylic iodide. In a similar

transformation, treatment of morphinan 21 with concentrated H,SOj4 gives pyrrolidine 22
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in 68% yield."”” While these examples remain limited, they provide credence for the

biosynthetic relationship between the hasubanan and morphinan family of alkaloids.

1.4. Previous Synthetic Studies

Over the last five decades, the hasubanan alkaloids have been the subject of numerous
synthetic studies. While a number of racemic syntheses of the hasubanan core have been
described, there exist few reports that details their enantioselective total synthesis.
Nevertheless, these collective studies highlight the diverse array of strategies that can be
implemented to prepare the hasubanan framework. The discussion below is intended to
highlight the key features of these synthetic endeavors, and is divided into two sections:

core syntheses and total syntheses.

1.4.1. Core Syntheses

Of the existing synthetic studies toward the hasubanan framework, the most common
relies on a late-stage intramolecular aminocyclization reaction to establish the D ring of
the natural product (see 3, Figure 1). The earliest example of this strategy was presented
by Ibuka and Kitano in 1966.'® Benzylic oxidation of sinomenine-derived alkaloid 23
gave ketone 24 after protecting group manipulations (Figure 5). Reductive cleavage of
the C9-N bond of 24 with zinc dust, followed by exposure to bromine, provided the
corresponding a-bromo ketone. Exposure of the bromide to LiCl and Li,CO; in DMF at
120 °C promoted the formation of enone 25, which spontaneously undergoes cyclization

by the pendant amine to yield propellane 26, albeit in poor yield.
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Meo 1. CrO3, AcOH, H,0 MeO 1.Zn, AcOH
2. KOH, H,0 120 °C
AcO ethylene glycol Me0 2. Br,, AcOH
T’\N 3. PhNMe;Cl, MeOH - 3. LiCl, Li,CO3
‘M PhMe, 130 °C *Me DMF, 120 °C

23 (55% vyield, 3 steps)

3 steps)

Figure 5. Synthesis of 26 from a sinomenine derivative.

In their efforts to prepare more effective morphine analgesics, the Bristol Myers
group reported the synthesis of a number of morphinan and hasubanan derivatives. In the
context of propellane alkaloids, the authors targeted the synthesis of amine 28 from a-
tetralone-derived tricycle 27 (Figure 6)."” Exposure of 27 to the lithium anion of MeCN
afforded the cyanomethyl adduct, which could be reduced in situ with LAH to give the
corresponding amino alcohol. Wagner-Meerwein rearrangement of this intermediate was
effected under acidic conditions to yield amine 28 in 56% yield over two steps. At this
point, an aminocyclization reaction was effected by treatment of 28 with bromine to
generate the hydrobromide salt of propellane 29 in 72% yield. The authors were able to
extend this aminocyclization protocol to an epoxide-bearing substrate, providing access
to alcohol 30 in good yield. Concomitant to the studies by Bristol-Myers, Shiotani and
Kometani reported the direct aminocyclization reaction of amine 28.'" In the event,
propellane 31 was obtained in 90% yield by exposure of 28 to paraformaldehyde and
formic acid. Presumably, cyclization of the pendant amine occurs via the intermediacy of
a Cl4 carbocation, and the resulting pyrrolidine can then undergo an Eschweiler-Clark

methylation. "
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MeO MeO MeO
1. n-BulLi, MeCN; O
then LAH, THF N Br,
—_— —_—
2. HCl, Et,0, 40 °C 2 CHClI,

(56% yield, 2 steps) (72% yield)

27 28

MeO.
1. CICO,Et, Et;N
2. m-CPBA
3. HCIO, HCHO

OH CH,Cl, HCO,H

“CO,Et  (62% yield, 3 steps)  (90% yield)

Figure 6. Bristol-Myers’ and Kometani’s aminocyclization approaches.

The most recent core synthesis involving an aminocyclization reaction stems from
work by the Mulzer group. Their synthetic endeavors commenced with tricyclic enone
32, which is available in 3 steps from commercially available 4-(3,4-
dimethoxyphenyl)butyric acid (Figure 7).° Vinylcuprate addition to the enone yields
olefin 33, which in eight steps can be elaborated to azide 34. To facilitate formation of
the requisite pyrrolidine ring, a thermal (3+2) dipolar cycloaddition reaction of 34 was
conducted to access triazene 35 in good yield. Decomposition of the triazene can then be

achieved by heating 35 in refluxing pyridine to give propellane 36.

MeO. cl
MeO O (/\);Culvlgm

_—
‘ THF, -78 °C

benzene
80 °C

pyridine
115°C

(76% yield) (73% yield)

Figure 7. Mulzer’s (3+2) cycloaddition approach to the propellane alkaloids.
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Another approach for propellane synthesis exploits the reactivity of
tetrahydrobenzindoles. In 1969, Evans and Tahk independently disclosed the Robinson

2122 However, this reaction

annulation of enamine 38 with methyl vinyl ketone (Figure 8).
promotes the formation of 37 in only modest yield.”> Evans observed in improvement in

the yield of this reaction when methyl pentadienoate (39) was used as the electrophile,

thereby furnishing 40 in 50% yield.**

(o]
CO,Me
\)J\Me b 2

AcOH 39

MeCN, 80 °C N MeCN, 40 °C
N
(32% yield) “Me (50% yield)
o 37 38

Figure 8. Preparation of the hasubanan core via enamine 38.

The Hoffman-La Roche group devised an approach to the hasubanan framework
starting from cyclohexanone derivative 41 (Figure 9).>> Aldol reaction between 41 and
ethyl acetate provided alcohol 42, which was then subjected to POCI; in pyridine to yield
a 2:1 mixture of o, and B,y-unsaturated esters. Treatment of this mixture of products
with Raney-Ni, NH3, and H, unveiled primary amine 43, which adds into the conjugated
enone to produce cis-fused pyrrolidine 44. Installation of the B ring is accomplished by
an acid-mediated Friedel-Crafts reaction of the arene with the ester moiety of 44,

providing tetracycle 45 in 83% yield.
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MeO MeO MeO.
ethyl acetate 1. POCl,
LiIHMDS CO,Et pyridine
N THF, =75 °C NC OH 2. Raney-Ni I}
© ° NH;, H, ‘/3 CO,Et
EtOH, 80 °C
o i
(80% yield) . NH,
41 42 (38% yield) 43
OMe OMe

HCI

—
NH H,0, 100 °C

Lo (E3%vield)

44

Figure 9. Synthesis of 45 from cyclohexanone 41.

In contrast to the previously discussed core syntheses, the Kobayashi group pursued
an approach that focused on a late-stage C-ring formation.*® To this end, p—tetralone was
readily converted to alcohol 46, which upon Swern oxidation and cleavage of the Boc
group generates unstable imine intermediate 47 (Figure 10). To circumvent
decomposition of 47, the crude product was immediately treated with KCN in AcOH and
DMF to give the hydrocyanation product. The resulting amine was N-formylated with
formic acetic anhydride to afford tricycle 48. Reduction of the nitrile functionality to its
methyl ester proved nontrivial; the authors accomplished this transformation in five steps
from 48 via the intermediacy of an N-acylbenzotriazole. Permanganate oxidation of 49
followed by methylation generated ketone 50 in 87% yield. Completion of the propellane
backbone was realized by a Dieckmann condensation reaction and methylation with
TMSCHN,; however, the desired alkaloid (51) was obtained as a 1:1 mixture with its
enol tautomer (52). Unfortunately, attempts to convert the undesired regioisomer to 51

were unsuccessful.
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1. (COCl),, DMSO AN
Et;N, -78 °C | 1. KCN, AcOH
2TFA Z N DMF
—>
— onc, o N1 2 Ac,0, HCOH
NHBoc a7 (84% yield, 4 steps)
1. KMnO,, AcOH
5 steps COMe acetone/H,0
—_
NCHO NCHO "5 Ag,0, Mel
(87% yield, 2 steps)

B
| copme ' NAHNDZ
NCHO 5 TmscHN,
Pr,NEt
MeO fo) MeOH/MeCN

50 (66% yield, 2 steps)

Figure 10. Kobayashi’s synthesis of hasubanan congener 51.

1.4.2. Total Syntheses

Shortly after the structure of hasubanonine was confirmed, Ibuka and coworkers
embarked on a research campaign aimed at preparing a number of hasubanan alkaloids.
Specifically, their synthetic strategy was highly dependent on the preparation and
differential oxidation of propellane 56 (Figure 11). Beginning with tetralone derivative
53, an interrupted Robinson annulation with methyl vinyl ketone furnished bridged
ketone 54.7*® Exposure of this intermediate to NaOEt in EtOH facilitated a retro-
aldol/aldol reaction followed by a nitrile hydrolysis/conjugate addition cascade to give 55
in 50% yield over two steps. Further functional group manipulations allowed access to

differentially protected phenol 56.
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MeO.

MeO o MeO
Me)v O MeO
MeO NaOH MeO NaOEt
— —
MeOH ‘ EtOH
CN O Ne .’
oHV®  (50% yield,
53 54 2 steps)

Figure 11. Ibuka’s synthesis of tetracycle 56.

With 56 in hand, the authors initially pursued a synthesis of cepharamine (1, Figure
12). Methoxy enone 57 was prepared from 56 via oxidation to the diketone followed by
methylation with BF;*OEt, in MeOH. Global reduction of the carbonyl moieties with
LAH and subsequent oxidation of the resulting allylic alcohol delivered the natural
product (1) in low yield.”® Alternatively, 56 could be elaborated to the hasubanonine
oxidation pattern by an initial a-acetoxylation to give 58" A series of oxidative
manipulations provided diketone 59, an intermediate that was treated with diazomethane
to give aknadilactam (60)’' and 61 in 8 and 23% yield, respectively. In this methylation
reaction, the authors observe the formation of 60, 61, and each of their corresponding
enol ether regioisomers in a 1:1:1:1 ratio, which accounts for the low isolated yields.
Reduction of lactam 61 was effected by LAH reduction and MnO; oxidation to afford
hasubanonine (4).

As a testament to the divergent nature of Ibuka’s strategy, acetate 58 was also
advanced to metaphanine (8). In this case, benzylic ketone 62 could be prepared from 58
after a series of steps including benzylic oxidation.”>*> After an exhaustive screen of
reducing conditions, the authors found reduction of the ketone with Al(Oi-Pr); in PhMe/i-
PrOH to be optimal, delivering the corresponding alcohol in good yield and excellent

diastereoselectivity (>20:1). Protection of the benzylic alcohol as its THP ether and
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oxidation of the C8 alcohol provides the corresponding ketone, which spontaneously
undergoes intramolecular ketalization after deprotection of the THP group to furnish oxo-
bridged compound 63. To complete the synthesis, the amide functionality of 63 was
reduced utilizing Meerwein’s salt and NaBH,, and the ketal was hydrolyzed under acidic

conditions.

1. Bry, HBr; then

NaOAc, AcOH 1. LAH, Et,0, 40 °C
2. BF;°OEt, 2.DCC, H,PO,
MeOH, 70 °C DMSO

(10% yield, 2 steps) (7% vyield, 2 steps)

Pb(OAc), o
BF,0Et, (64% yield)

6 steps CH,N,
Et,0/MeOH
(7% vyield, Me
6 steps) OMe
OMe OMe
60 (8% yield) 1. LAH 61 (23% yield)
2. MnO, 4
MeO.
1. Al(Oi-Pr)3, i-PrOH
PhMe, 110 °C 1. Et;0BF,
2. DHP, p-TsOH MeO o CH,Cl,
3. CrO3-pyr 7N 2. HCI, MeOH
4. AcOH/H,0 “Me
OH (49% yield, 2 steps)
(55% yield, 4 steps) o) o v
/
63

Figure 12. Ibuka’s syntheses of hasubanan alkaloids.

Soon after the publication of Ibuka’s studies, Kametani and coworkers reported their
efforts toward capharamine (1, Figure 13).** In this biomimetic approach, the authors
sought to construct the hasubanan backbone from simple isoquinoline precursors. To this

end, reticuline-derived isoquinoline 64 was sequentially subjected to TFAA and Adam’s
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catalyst to access intermediate 65. In the key step in their synthesis, photoexcitation of 65
with a mercury lamp promoted an intramolecular biaryl coupling to afford dienone 66.
Hydrolysis of the trifluoroacetamide group under basic conditions facilitated cyclization
of the amine into the more electron poor enone to selectively give tetracycle 67. Acid-
mediated isomerization of the methoxyenone then delivered the natural product (1). More
recently, Schwartz and Wallace described the direct oxidative coupling of 68 in the

presence of thallium (III) trifluoroacetate, thereby completing a formal synthesis of

MeO !
hv HO
\N’Me NaOH/Nal -\N,Me
|
|
CocF, ‘ COCF,
MeO
66

o
TI(TFA )
C(|-|2CI): f (15% yield)

.35
cepharamine.

_______________________

Figure 13. Kametani’s preparation of cepharamine (1).

The synthetic endeavors of Ibuka and Kametani represented the sole completed
syntheses of the hasubanans for over 20 years. Indeed, the subsequent total synthesis of a
propellane alkaloid was not reported until 1998, when Schultz and Wang disclosed their
preparation of (+)-cepharamine.’® Starting with chiral benzamide 69, Birch reduction

followed by in situ alkylation with alkyl iodide 70 provided cyclohexadiene 71 in
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excellent yield and as a single diastereomer (Figure 14). In an additional 6 steps, the
authors could access lactone 72. Exposure of 72 to AIBN and BusSnH in refluxing
benzene facilitated an intramolecular radical cyclization, thereby delivering
hydrophenanthrene 73 after a few protecting group manipulations in 55% yield over 3
steps. Introduction of the amine was effected under a Hoffman rearrangement to give
carbamate 74, which upon LAH reduction unveils amide 75 and undergoes cyclization to
furnish propellane 76. Finally, oxidation of the alcohol, methyl enol ether formation, and
ketal hydrolysis yielded the unnatural antipode of the natural product (1). With a longest
linear sequence of 21 steps, this represents the first enantioselective preparation of any

member of the hasubanan alkaloids.

OMe
MOMO.
MeO
0 —OMe i NH, THF O ¢
MeO : +BuOH (1 equiv) Br
N —78°C; LiBr; then o) —OMe g steps
> g ———— 3 PMPO

oMOM ~ MeO N
MeO Br 70 ‘ Q
oPMP <’
69 I

n OPMP
(95% yield)
MeO MeO
MOM
1. AIBN, Bu,SnH MOoM 1. NaNH,, NH, o
benzene, 80 °C PMPO 2. Br,, NaOMe PMPO. LAH
%
2. K,CO3, MeOH o o " THF, 70 °C
THF, H,0 )
; 93% yield, 2 steps) </ o vi
3. NaH, MOMCI ( (9% yield)
</o (o] o o’go oY
(55% yield, 3 steps) 73 74
MeO MeO MeO O
MOMO (CoPMP MOMO 1. (COCI),, DMSO HO
Et;N, CH,Cl,

N, 2. KH, Mel New
<0/ | <°/ Me  3.p-TsOH e
(o]
o .
[0} OH 75 OH (54% yield, 3 steps) ome (#)-1
76

Figure 14. Schultz’s enantioselective synthesis of (+)-cepharamine (1).
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In 2011, Herzon and coworkers reported the development of a unified strategy for the
enantioselective synthesis of several hasubanan alkaloids.”” In contrast to Schultz’s
report, this synthetic approach relied on the enantioselective installation of the C14
stereocenter. To achieve this, an oxazaborolidine-catalyzed Diels-Alder reaction between
quinone 77 and cyclopentadiene 78 afforded enedione 80 in 78% yield and 93% ee
(Figure 15). Staudinger reduction of 80 then generated the corresponding quinone imine,
which was activated toward nucleophilic attack by treatment with methyl triflate to give
iminium salt 81. Addition of an alkynyl lithium reagent (e.g., 82) then gives pyrrolidine
83 in good yield. Using this 1,2-addition strategy, the authors can access an array of
hasubanan frameworks by modifying the nature of the alkynyllithium nucleophile

employed.

Ph
.11Ph 79

o
N<g’ (25 mol %)

@ ™S

MeO o 1. Me4P, Et,0
TfOH (20 mol %) 0to24°C
—_—
cuzm2 —78°C MeO 2. MeOTf, THF
MeO Ved o —78 °C; then —60 °C
e to —90 °
(78% yield, N 0-90°C

93% ee) 80 3

X OR!
™S )ij ™S
X OR!
= OR?
H \NT 7/
C u’’ 82 0 O

—_— 2
MeO MeO 4 OR

S J
MeG N 82a, X =H, R' = R2 = OMe N
me © 82b, X = Br, R' = R2 = OMe me’ 83

81 82c, X =H, R = R2 = -CH,-

Figure 15. Herzon’s general approach to the hasubanans.

To prepare (—)-runanine (6), addition of 82a to iminium 81 afforded 83a in 93% yield

(Figure 16). Thermolysis of the cyclopentenyl group and monoreduction of the alkyne
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with Crabtree’s catalyst provides dienone 85, an intermediate found to undergo a triflic
acid-mediated intramolecular conjugate addition to give the propellane core. Finally,
hydrogenation of the resulting olefin with Wilkinson’s catalyst generates 6. Using a
similar reaction sequence, the authors could also access (—)-hasubanonine (4) and (-)-
delavayine (7). Alternatively, hydration of alkene 89 with Co(acac), under an atmosphere

of oxygen followed by addition of formic acid gave periglaucine B (90) in 55% yield.

MeO. OMe OMe
MeO ) "! AIBN, BusSnH 2 Meo
Br —>1' » BugSnl MeO ,‘
MeG L J 2. [RhCI(PPhy)s]
N 87 TFA, H,, PhMe MeO N 4
Me Me/
(51% yield, 2 steps)
86, TFOH o) v
™S CH,cl, |(75%vield)

OMe 1- PhMe, 135 °C

T/ 2. TFA, H,, 84
0, CH,Cl,
%

1. 85, TIOH OMe

o}
CH,Cl, IS OMe

Z OMe
meo— 2ZF 2. [RhCI(PPhg),] >
_7 OMe  TFA, H,, PhMe
MeO N MeO
Me/ . Me”
(47% yield, 2 steps) 6
83a, X = H, 93% yield, 2 steps 85, X = H, 69% yield, 2 steps
83b, X = Br, 62% yield, 2 steps 86, X = Br, 53% yield, 2 steps
1 PhMe, 135 °C o—
2. TFA, H,, 84 o Z o)
o]
CH,CI 3 1. TIOH, CH,CI vy,
= 2 2 MeO ; » LUl
j/ mo 2. [RhCI(PPhy)] . O
MeO N TFA, H,, PhMe
(68% yield, 2 steps) we o—/ 2 MeOM N
e
88 (65% yield, 2 steps) 7
(73% yield) TfOH .
CH,Cl, (89% yield)
-~ S ) 0—
! ' [o) i. Co(acac), o) (o)
N | S o Y 0y, i-PrOH MeO, 0
H o e o Meo—Q_ > Z_> ii. HCO,H e
: ' " — 27
: 84 ~ : (55% yield) =
B L LR TP ' MeO /NJ 89 oYl Me” 90
Me

Figure 16. Herzon’s synthesis of hasubanan alkaloids.

1.5. Concluding Remarks
Today, the hasubanan alkaloids remain an important family of biologically relevant

natural products. Indeed, as the number of new hasubanans continue to grow, so too does
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chemists’ interest in their biological properties and structural complexity. The studies
discussed above serve as a testament to this growing interest: a number of elegant
approaches that target the hasubanan core have been developed, and enantioselective
syntheses of their unique molecular architecture have begun to emerge. The further
development of new, enantioselective approaches to the hasubanans will ultimately allow
researchers to further characterize their biological properties, as well as contribute novel

reactions for complex molecule synthesis.
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CHAPTER 2

Development of a Diastereoselective 1,2-Addition to Sulfinyl Imines:

Application to the Hasubanan Alkaloids’

2.1.  Introduction

As was illustrated in the previous chapter, the hasubanan alkaloids remain elusive
targets for enantioselective total synthesis. While their structure comprises a relatively
compact, tetracyclic framework, their azapropellane core presents several notable
challenges. First, this backbone is structurally defined by a central pair of fully-
substituted carbon stereocenters, a motif difficult to access using modern synthetic
methods. In addition, the different oxidation patterns that decorate the propellane core
introduce variable functionality that can (1) enhance its sterically congested nature, and

(2) significantly alter their relative reactivity. The following chapter details our own

" Portions of this chapter have been reproduced from published studies (see references 1 and 2) and the
supporting information found therein. The research presented in this chapter was completed in
collaboration with Kangway V. Chuang, a graduate student in the Reisman group.
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efforts toward these alkaloids,'” which have culminated in the efficient enantioselective

preparation of several hasubanans.

2.2.  Synthetic Approach

2.2.1. Retrosynthetic Analysis. As part of a research program directed towards the
synthesis of various alkaloid natural products, we sought to develop a unified strategy for
the preparation of several hasubanan alkaloids (Figure 1). More specifically, it was
hypothesized that the propellane core of 2, 4, and 10 could be readily accessed from an
appropriately functionalized dihydroindolone (e.g., 91) via late-stage introduction of the
appropriate peripheral oxidation. The dihydroindolone was anticipated to derive from 4-
aminocyclohexadienone 92, the product of a diastereoselective 1,2-addition of an
organometallic nucleophile to a quinone-derived sulfinyl imine (e.g., 93). Although
Swenton and coworkers utilized an intermediate akin to 92 in their synthetic studies
toward the erythrina alkaloids, the enantioselective preparation of such compounds has
not been fully explored.’ Notably, by varying the identity of the nucleophile, several
members of the hasubanan family could be readily accessed.

While attractive from a strategic standpoint, it was recognized that the proposed
synthesis presented several challenges. Its successful application to the total synthesis of
the hasubanans would require (1) the development of a 1,2-addition reaction to quinone-
derived imines with control over the absolute configuration about the C14-N bond, and
(2) the utilization of a nitrogen protecting group that would prevent any deleterious
dienone-phenol rearrangements.* Despite numerous reports targeting the preparation

enantioenriched chiral amines, the asymmetric synthesis of o,a-disubstituted amines by
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nucleophilic 1,2-addition to ketimines—and specifically, benzoquinone-derived imines—
remains an underdeveloped arena in organic synthesis.”® Moreover, current catalytic,
asymmetric syntheses of these structural motifs are limited by the scope of the
nucleophile or the N-protecting group employed.’

With these considerations in mind, it was envisioned that benzoquinone imines
derived from N-fert-butanesulfinamide should fulfill the abovementioned criteria.
Pioneering work by Ellman and coworkers has demonstrated that N-tert-butanesulfinyl
aldimines and ketimines undergo nucleophilic additions of organolithium and
organomagnesium reagents to furnish N-sulfinamides with high diastereoselectivity.®
Further, in the context of sulfinamide 92, the electron withdrawing nature of the N-
sulfinyl group was expected to disfavor any potential dienone-phenol rearrangements.
Detailed below are our preliminary studies that demonstrate the feasibility of this

approach for the synthesis of hasubanan alkaloids.

OMe OMe OMe

8-demethoxyrunanine (2) hasubanonine (4) periglaucine A (10)
2
""e\N R2-NH R! Y
Rl . N R3 R3
(o] MeO OMe
oa 92 93

Figure 1. Representative hasubanan alkaloids and proposed strategy.
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2.2.2. Development of a Diastereoselective 1,2-Addition to Benzoquinone-
Derived t-Butanesulfinimines. At the outset of our studies, we sought to evaluate
conditions for the synthesis of benzoquinone-derived sulfinimines (e.g., 96, Figure 2).
Studies by Ellman and coworkers have shown that N-sulfinyl ketimines can be readily
prepared from the direct condensation of N-tert-butanesulfinamide with a variety of
ketones under mildly Lewis acidic conditions.® Our first objective was to determine
whether such conditions would be amenable to the synthesis of 96 from quinone

monoketal 95.

O (1.1. equiv)
S
OH 0 S, tBu” N
R R t-Bu”  “NH, R
PhI(OAc), I | Ti(OEt)4 (2.2 equiv)
—_— T —
MeOH, 0 °C THF, 70 °C
Rt MeO OMe MeO OMe
94 R = Me (95a) (57% yield) R = Me (96a) (<30% yield)
Cl (95b) (93% yield) Cl (96b) (89% yield)
Br (95c) (87% yield) Br (96c) (85% yield)

Figure 2. Preparation of quinone-derived sulfinimines.

To this end, quinone monoketals 95a-95¢ were prepared in one step by oxidation of
the corresponding phenols (Figure 2). Our preliminary studies revealed that treatment of
95a with N-tert-butanesulfinamide (1.1 equiv) and Ti(OEt)s (2.2 equiv) in THF at 70 °C
for 40 hours furnished sulfinimine 96a, albeit in low yield. Monitoring the conversion
and yield over time indicated that the sulfinimine product was decomposing under the
reaction conditions. It was reasoned that utilization of a benzoquinone monoketal bearing
an electron-withdrawing substituent would inductively activate the carbonyl towards

nucleophilic addition, thereby accelerating the condensation reaction and reducing the
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reaction time. Indeed, exposure of 95b and 95c¢ to the standard reaction conditions
provided 96b and 96¢ in 89% and 85% yield, respectively. In addition to the improved
yields of sulfinimine products, halogenated compounds 96b and 96¢ were equipped with
functional handles that could be elaborated towards more complex alkaloid intermediates.

With halo-quinone sulfinimines 96b and 96¢ in hand, we turned to evaluating the
diastereoselectivity of 1,2-addition reactions of readily available organolithium reagents.
To our delight, treatment of chloride 96b with n-BuLi (1.1 equiv) in Et,O at —78 °C
delivered sulfinamide 97a in 90% yield and 97:3 d.r. (Table 1, entry 1). Importantly, the
acidic workup conditions facilitated cleavage of the dimethyl ketal without promoting the
formation of dienone migration products. Moreover, the diastereomeric sulfinamide
products were easily separated by silica gel chromatography, allowing for the preparation
of enantiopure 4-aminocyclohexadienones upon cleavage of the sulfinamide.

High levels of diastereoselectivity were also obtained when bromide 96¢ was used
(entry 3).” A solvent screen revealed ethereal solvents were optimal, with Et,0 or THF
providing the highest yields and diastereoselectivities. Use of commercially available
alkyllithiums furnished the desired sulfinamides in uniformly high diastereoselectivities
for both the chloride and bromide substrates (entries 1, 3-7). On the other hand, 1,2-
addition of phenyllithium afforded sulfinamides 97b and 97h in moderate d.r. (entries 2
and 8). Interestingly, improved selectivities were observed when o-, m-, or p-tolyllithium
was employed (entries 9-11). Vinyl- and alkynyllithium reagents also proved viable
nucleophiles for this reaction, providing the corresponding sulfinamides in high d.r.
(entries 12, 13, 16). In the case of allyl and propargyl nucleophiles, the readily available

Grignard reagents were utilized instead of the corresponding organolithium reagents. The
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relative stereochemistry of the newly formed stereogenic center was determined for 97d
by single crystal X-ray diffraction (see Supporting Information) and is consistent with
reaction through a closed, chair-like transition state. The stereochemistry of the

remaining sulfinamide products was assigned in analogy to 97d.

R
\{
LBU” SN Ys—NH R
X R1-M o tBuU X
Et,0, 78 °C;
then 1N HCI, -78 to 23 °C R
R
MeO OMe o
96 97

enty X R R'-M (equiv) pdt dr?  yield (%)

1 Cl H (9b) n-Buli(1.1) 97a 973 20
2 ¢ H PhLi (1.1) 97b 7822 76
3 Br H (96¢c) nBuLi(1.1) 97¢ 982 88
4 B H EtLi (1.1) 97d 982 96
5 B H MeLi (1.1) 97¢ 982 91
6 Br Me (96d)  MeLi(1.1) 97f 982 91
7 Br Cl (96e)  MeLi(1.1) 97g 973 91¢
8 B H PhLi (1.1) 97h 80220 74
9 B H 0-MeCgH,Li (2.0) 97i 973 86
10 Br H m-MeCgH,Li (2.0) 97j 919 79
M B H p-MeCgH,Li (2.0) 97k 919 78
12 B H Ph A~ 20 97 982 689
13 Br H Z>L (20) grm 982 71d
14 B H A~MC (11  gm 8713 82
15 Br H ///\MgBr (11) 970 973 91
16 Br H TMS—=——TLi (2.0) 97p >98:2 ggc.de

I

MeO
17 Br :@\/\(1.1) 97q 9614 82d
MeO MgBr

“Determined by LCMS. “Isolated yield of major diastereomer. “Isolated as a
mixture of diastercomers. “Reaction conducted in THF. “Reaction conducted
at 0 °C.

Table 1. Scope of diastereoselective 1,2-addition to quinone-derived sulfinimines.

The vinyl halide moiety of the enantioenriched sulfinamide products served as a

useful functional handle for further elaboration. For example, vinyl bromide 97e (R' =
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Me) undergoes a variety of palladium-catalyzed cross-coupling reactions allowing access
to arene-, allyl-, and alkyne-substituted products (Figure 3, 98, 99, and 101, respectively).
Alternatively, vinyl bromide 97n can be coupled with vinyl tributylstannane and treated
with Hoveyda-Grubbs second generation catalyst'® to provide bicycle 100 in excellent

yield over two steps.

0\\S—NH Me Ys—NH g1 _~_SnBug “S—NH Me
4 ~ PhSnBug 4 -~ = { R
tBu Ph PdCI,(PPh;), FBY Br  PdCIPPhy),  tBU > &
o (93% yield) o (84% yield) o
98 97 99

a ZsnBug =—Tms S_NH Me  _TMS
IS_NH 1. Pdy(dba), PdCl,(PPh;), 4 //
t+Bu P(t-Bu), CsF Cul, Et;N +Bu
2. H-G Il cat THF, 23 °C
CH,Cl,, 23 °C
100 © (70% yield, (92% yield) 0
2 steps) 101

Figure 3. Synthetic transformations of sulfinamide 97.

Having established a strategy to prepare enantioenriched 4-aminocyclohexadienones,
we turned our attention to the synthesis of alkaloid natural products. Although we
ultimately sought to target the propellane alkaloids, we recognized that we could readily
apply our methodology toward the synthesis of the erythrina alkaloids. Specifically, it
was envisioned that the spirocyclic core of 3-(-)-demethoxyerythratidinone (108)'"'?
could be derived from 96¢ via a one-pot 1,2-addition / intramolecular N-alkylation
protocol (Figure 4). In the event, addition of aryllithium species 102" to

bromosulfinimine 96¢ initially generates sulfinamide anion 103, which upon warming to

room temperature delivers spirocycle 104 in 74% yield as a single diastereomer. This
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highly convergent reaction provides direct access to the spirocyclic core of 108 with
excellent levels of stereocontrol.

To construct the pyrrolidine ring of the natural product, an initial Pd-catalyzed cross-
coupling of 104 with vinyl stannane 105 affords enol ether 106 in 85% yield. After
considerable experimentation, it was found that brief exposure of 106 to anhydrous HCI
in THF at 0 °C resulted in cleavage of the sulfinamide and promoted intramolecular
condensation to give indolone 107. Notably, use of weaker acids or stirring for longer
periods resulted in substantially diminished yields due to competitive decomposition of
the product. At this point, completion of the synthesis required selective direduction of
107. In the event, exposure of 107 to heterogeneous hydrogenation conditions furnished
108 in 65% yield. At 6 steps and 26% overall yield, this represents the shortest

enantioselective synthesis of 108 reported to date.'*

[o]

g MeO cl
t-Bu” N I:E\/
102 NS
Br  MeO 02 t Bu _then INHCI
Et,0,-78°C “78t023°C >
(74% yield,
MeO OMe MeO OMe >98:2 d.r.)

96¢c

MeO 0 OEt 105 ”
8. o 1.8
m “’t-Bu X SnBus 'tBu
MeO Br Pd,(dba)g, AsPh;
DMF, 100°C =
104 (85% yield)

MeO.
2N HCI/Et,0 MeO P PdlCaCOa

I
T
THF, 0 °C Q:I EtOH, 23 °C
(75% yield, 2 steps) 107 ¢ 3-demethoxy-

erythratidinone (108)

Figure 4. Enantioselective synthesis of (-)-3-demethoxyerythratidinone (108).
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2.2.3.Synthesis of Hasubanan Alkaloids. Having successfully prepared 3-
demethoxyerythratidinone, we turned our attention to the synthesis of the propellane-
containing hasubanan alkaloids, initially targeting 8-demethoxyrunanine (2)" and
cepharamine (1).'® Retrosynthetically, an intramolecular Friedel-Crafts-type reaction of
dihydroindolone 109 was expected to deliver the propellane core of 2 (Figure 5).!” On the
other hand, we anticipated that intramolecular conjugate addition of 110, which bears a
bromoaryl substituent, should occur from the o-position of the arene to deliver the
oxidation pattern found in cepharamine. Importantly, the preparation of either
dihydroindolone intermediate could be accomplished from sulfinimine 96¢ following

Grignard addition with an appropriately functionalized nucleophile.

OMe
cepharamine (1)

Figure 5. Retrosynthetic analysis for the hasubanan alkaloids.

In the forward sense, addition of Grignard reagent 111 to a solution of sulfinimine

96¢ at —78 °C followed by in situ methylation provided sulfinamide 113, which upon



Chapter 2 — Development of a Diastereoselective 1,2-Addition to Sulfinyl Imines: 31
Application to the Hasubanan Alkaloids

purification was isolated in 77% as a single diastereomer (Figure 6). In contrast to the
previous studies toward 3-demethoxyerythratidinone, AcOH was used for the acidic
workup to prevent hydrolysis of the sulfinamide protecting group. Pyrrolidine ring
installation was achieved using the previously optimized protocol. Thus, sulfinamide 113
was coupled to vinyl stannane 105 to initially deliver enol ether 115 in excellent yield.
Acid-mediated sulfinamide cleavage and cyclization proceeded smoothly to give the
corresponding enamine, which was found to be an unstable intermediate. As a result, the
crude product was immediately exposed to a mixture of sodium borohydride in AcOH
and MeOH to give chromatographically stable dihydroindolone 109 in 96% yield over 2
steps. To access cepharamine, dihydroindolone 117, which bears a differentially

protected phenol, was prepared through an analogous route from 112.

OR

o]
g MeO. 111, R =Me £g 105 SnBu3
LB SN 11 2, R =TMSE \—/
Br't -Bu Pd,(dba); (5 mol %)
Br Mng AsPh3 (20 mol %)
THF, —78 °c then Mel, > DMF, 100 “DwMRi0C
MeO OMe then aq AcOH (90% yield)
96¢c (gz‘ﬁ!ger';’ 113, R = Me (77% yield, 96:4 d.r.)
#ar 114, R = TMSE (75% yield, 96:4 d.r.)
Me 0
. ,N—S.,
) ‘t-Bu
N 1. HCI, THF, 0 °C
—_—
OEt 2. NaBH,, AcOH,
MeOH
MeO OR §
115, R = Me (90% yield) 109, R = Me (96% yield, 2 steps)
116, R = TMSE (88% yield) 117, R = TMSE (74% yield, 2 steps)

Figure 6. Synthesis of dihydroindolones 109 and 117.

With dihydroindolones 109 and 117 in hand, we were poised to examine the key

intramolecular Friedel-Crafts reaction (Figure 7). After a preliminary screen of Lewis
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acids, we were pleased to find that BF;*OEt, promoted the desired cyclization to give
propellane 118, albeit in modest yield. A significant improvement in reactivity was
observed when strong Brgnsted acids were employed. Indeed, subjection of 109 to triflic
acid' generates tetracycle 118 as the exclusive cyclization product in 97% yield. The
selective addition to the trisubstituted enone olefin is proposed to result from formation
of a discrete protonated dienone intermediate that favors the more stable, tertiary
carbocation at the C13 position. To access the cepharamine backbone, TMSE-protected
phenol 117 was brominated at the C1 position, thereby precluding C1 cyclization to
afford the runanine oxidation pattern. Instead, addition of TfOH to the bromide
intermediate facilitated cleavage of the TMSE group and cyclization to afford propellane

119.

TfOH
—_—
CH,Cl,, 0 °C

(97% yield)

Br,, CH,Cly, —15 °C;
then TfOH
—_—
-15t0 23 °C

(77% yield)

Figure 7. Preparation of aza-propellanes 118 and 119.

Completion of the syntheses of 1 and 2 required adjustment of the oxidation levels at

C7 (Figure 8). Initial attempts to accomplish this objective involved nucelophilic
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epoxidation of 118 using hydrogen peroxide and lithium hydroxide in MeOH."”
Gratifyingly, heating the reaction mixture to 50 °C promoted the formation of 8-
demethoxyrunanine (2); however, it was isolated in only 15% yield. It was hypothesized
that the overall process could be improved by isolating the presumed epoxide
intermediate. Under carefully optimized conditions, 118 was cleanly converted to
epoxide 120 using t-butyl hydroperoxide and Triton B in THF. However, efforts to purify
120 by silica gel chromatography led to isolation of the desired epoxide and an
unexpected compound, hemiaminal 121.%° Interestingly, prolonged exposure of the crude
epoxide to silica gel facilitated conversion to the hemiaminal product, which could now
be isolated in 76% yield.

While initially dismayed by this result, we noted that the structural framework of 121
comprises that of the cepharatines, a class of natural products recently reported by Zhang
and coworkers.”' In particular, 121 different from cepharatine D (123) by a single
oxidation level. With an eye toward completing a synthesis of this new class of natural
products, we set out to effect a benzylic oxidation of 121. Initial attempts to desaturate
the C9-C10 bond under radical conditions (e.g., DDQ) failed to provide appreciable
amounts of 123. Given the relative acidity of the C9 protons in 121, attention was turned
to enolization strategies to install the requisite olefin. A survey of reaction conditions
revealed that treatment of the potassium enolate of 121 with N-tert-
butylbenzenesulfinimidoyl chloride (122) was optimal,” providing cepharatine D in 60%
yield.

With access to the cepharatine D, efforts returned to isolation of epoxide 120 en route

to 8-demethoxyrunanine. Purification of the crude epoxide on Florisil significantly
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suppressed formation of hemiaminal 121, allowing for isolation of 120 in good yield
(Figure 8). From 120, conversion to the natural product required epoxide opening with
MeOH and dehydration to the corresponding enone. After considerable optimization,”
the epoxide was successfully converted to 2 using tetrabutylammonium methoxide,”* a
reagent found to be uniquely effective for this transformation. Using this route, 2 and
cepharatine D (123) were both prepared in only 9 steps from commercially available 2-

bromo-4-methoxyphenol in 19% and 22% yield, respectively.

OMe

MeO.

TBHP,

Triton B
—_—
THF

n-Bu,;NOMe
e
THF

“IN

d N\
Me (61% yield) *Me (68% yield)

TBHP,
Triton B;
then SiO,

then 122
(60% yield)

(76% yield)

cepharatine D (123)

Figure 8. Enantioselective synthesis of 8-demethoxyrunanine and cepharatine D.

After completing a synthesis of 2 and 123, we turned our attention to the preparation
of cepharamine (1) from bromo-propellane 119. Unfortunately, epoxidation of 119 under
the previously optimized conditions generated 124 in only 40% yield (Figure 9). Efforts
to drive the epoxidation reaction to completion were complicated by competitive

oxidative rearrangement of the epoxide product, resulting in the formation of a lactone
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byproduct. Moreover, exposure of epoxide 124 to n-Bu,NOMe in THF provided only
trace amounts of enol ether 125. Reasoning that deprotonation of the phenolic O—H might
contribute to the poor reactivity observed, several protected variants of 124 were
prepared; however, exposure of the corresponding epoxides to a variety of methoxide
sources only produced enol ether products in prohibitively low quantities. These studies
illustrate how subtle perturbations in the arene oxidation patterns can strikingly alter the

reactivity of the aza-propellane framework.

TBHP,
Triton B
—_—
1 THF
N

“Me (40% yield)
119

TBHP,

Triton B; | (50% yield)
then SiO,

H,, Pd/C

NaHCO;
—_—
MeOH

(80% yield)

NaOMe

(89% yield)

129 MeOH. H* cepharatine A (130)

(99% yield) cepharatine C (131)

Figure 9. Enantioselective synthesis of cepharatines A and C.

While we were unable to complete a synthesis of cepharamine, we subsequently

investigated the conversion of bromo-propellane 119 to cephatines A (130) and C (131).
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Epoxidation of 119 followed by exposure to silica gel provided aminal 126 in 50% yield.
Palladium-catalyzed hydrodebromination of 126 proceeded smoothly to generate 127;
however, attempts to oxidize 127 using 122 (see Figure 8) only returned starting material.
Rather than protect the phenol moiety, the reactivity of this functional group was
exploited to install the desired oxidation. In the event, treatment of phenol 127 with
iodobenzene diacetate in MeOH generated o-quinone monoketal 128, which upon
rearomatization under basic conditions provided cepharatine A (130) in 89% yield.
Cepharatine A was readily converted to cepharatine C by exposure to MeOH under acidic
reaction conditions. Using this reaction sequence, 130 and 131 could be prepared in 10
and 11 steps, respectively, each in 10% overall yield from commercially available

starting materials.

2.3. Concluding Remarks

In conclusion, we have developed a unified strategy for the synthesis of 3-
demethoxyerythratidinone and several hasubanan alkaloid natural products. Specifically,
a highly diastereoselective 1,2-addition of organometallic reagents to benzoquinone-
derived tert-butanesulfinimines was established, which provides access to
enantioenriched 4-aminocyclohexadienone products. This methodology enabled the
enantioselective construction of functionalized dihydroindolones, which were found to
undergo intramolecular Friedel-Crafts conjugate additions to furnish the propellane cores
of several hasubanan alkaloids. As a result of these studies, the first enantioselective total
syntheses of §8-demethoxyrunanine and cepharatines A, C, and D were accomplished in 9-

11 steps from commercially available starting materials. The versatility of our synthetic
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approach is further evidenced in our efforts toward acutumine, a more structurally
complex propellane alkaloid. Our synthetic endeavors toward this alkaloid are discussed

in the following chapter.
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2.4. Experimental Section

2.4.1.Materials and Methods. Unless otherwise stated, reactions were performed
under a nitrogen atmosphere using freshly dried solvents. Tetrahydrofuran (THF),
methylene chloride (CH,Cl,), diethyl ether (Et,O), acetonitrile (MeCN), and toluene
(PhMe) were dried by passing through activated alumina columns. MeOH was distilled
over magnesium oxide and triethylamine (Et;N) was distilled over calcium hydride. All
other commercially obtained reagents were used as received unless specifically indicated.
All reactions were monitored by thin-layer chromatography using EMD/Merck silica gel
60 F254 pre-coated plates (0.25 mm) and were visualized by UV, p-anisaldehyde, or
KMnOjy staining. Flash column chromatography was performed either as described by
Still et al. (Still, W. C., Kahn, M.; Mitra, A. J. Org. Chem. 1978, 43, 2923-2925) using
silica gel (partical size 0.032-0.063) purchased from Silicycle or using pre-packaged
RediSep™“Rf columns on a CombiFlash Rf system (Teledyne ISCO Inc.). Diastereomeric
ratios were determined using an Agilent 1190 or 1290 Series LC/MS (A = 254 nm) using
a ZORBAX Eclipse Plus C18 column (RRHD 1.8 um, 2.1 x 50 mm, 11,072 plates).
Optical rotations were measured on a Jasco P-2000 polarimeter using a 100 mm path-
length cell at 589 nm. 'H and °C NMR spectra were recorded on a Varian Mercury 300
(at 300 MHz and 75 MHz respectively) or a Varian Inova 500 (at 500 MHz and 126 MHz
respectively), and are reported relative to internal chloroform (‘H, § = 7.26; °C, § =
77.0). Data for 'H NMR spectra are reported as follows: chemical shift (8 ppm)
(multiplicity, coupling constant (Hz), integration). Multiplicity and qualifier
abbreviations are as follows: s = singlet, d = doublet, t = triplet, ¢ = quartet, m =
multiplet, br = broad, app = apparent. IR spectra were recorded on a Perkin Elmer
Paragon 1000 spectrometer and are reported in frequency of absorption (cm™). High-
resolution mass spectra were obtained from the Caltech Mass Spectral Facility. HRMS
were acquired using an Agilent 6200 Series TOF with an Agilent G1978 A Multimode
source in electrospray ionization (ESI), atmospheric pressure chemical ionization (APCI),
or mixed (MM) ionization mode. Melting points were determined using a Biichi B-545

capillary melting point apparatus and the values reported are uncorrected.
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2.4.2. Procedures and Spectroscopic Data.

(o]

z OH
1. mCPBA, CHCly _ By Br
R 2.K,COy MeOH > /© ChyCl, 0°C o . /©/
OMe OMe
S1 94

Steps 1 and 2 for phenol preparation: Baeyer-Villiger Oxidation / Saponification.
Preparation of 4-methoxy-3-methylphenol (S2a).

OH A 50 mL flask was charged with 4-methoxy-3-methylbenzaldehyde (S1a)

(500 mg, 3.33 mmol, 1 equiv) and CH,Cl, (11 mL). The resulting solution

ove was cooled to 0 °C in an ice-water bath and m-CPBA (1.40 g, 70-75%, 5.66

S2a

Me

mmol, 1.7 equiv) was added in 3 portions. The resulting suspension was
allowed to warm to room temperature, and was stirred for 2 hours at that temperature.
The reaction was quenched with saturated aqueous NaHCOs (11 mL), and the aqueous
layer was extracted with CH,Cl, (3 x 20 mL). The combined organic layers were dried
over Na,SO, and concentrated to give a pale yellow oil. The crude formate ester was
dissolved in MeOH (17 mL) and cooled to 0 °C. Solid K,CO3 (920 mg, 6.66 mmol) was
added in one portion, and the resulting solution was stirred at 0 °C for 15 min. The
reaction was quenched with aqueous HCI (9 mL of a 2N solution). The organic solvent
was removed by rotary evaporation, and resulting aqueous layer was extracted with Et,O
(2 x 30 mL). The combined organic layers were dried over MgSQ,, concentrated, and
purified by flash chromatography (10% EtOAc/Hexanes) to afford S2a (361 mg, 78%
yield over 2 steps) as a white solid. '"H NMR (500 MHz, CDCls) & 6.70 (d, J = 8.8 Hz,
1H), 6.66 (d, J = 3.2 Hz, 1H), 6.62 (dd, J = 8.7, 3.1 Hz, 1H), 4.77 (s, 1H), 3.78 (s, 3H),
2.19 (s, 3H); >C NMR (126 MHz, CDCl;) & 152.0, 149.0, 128.1, 118.0, 112.5, 111.3,
56.0, 16.2; IR (NaCl/thin film): 3350, 2950, 2833, 1501, 1465, 1430, 1286, 1217, 1180,
1034 721 cm™; HRMS (EI+) calc’d for CgH 90, [M+H]" 138.0681, found 138.0685.
Preparation of 3-chloro-4-methoxyphenol (S2b).

OH Prepared from 11.1 mmol of 3-chloro-4-methoxybenzaldehyde (S1b) using
the above general procedure. The crude product was purified by flash

ome chromatography (5—20% EtOAc/Hexanes) to give S2b (1.10 g, 62% yield) as

S2b

C
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a beige solid. '"H NMR (500 MHz, CDCl3) & 6.91 (d, J=2.9 Hz, 1H), 6.81 (d, J= 8.8 Hz,
1H), 6.70 (dd, J = 8.8, 2.9 Hz, 1H), 4.94 (s, 1H), 3.84 (s, 3H); °C NMR (126 MHz,
CDCls) 8 149.6, 149.4, 123.0, 117.6, 114.2, 113.5, 56.8; IR (NaCl/thin film): 3400, 2947,
2837, 1500, 1437, 1278, 1209, 1180, 1058, 907, 746 cm™; HRMS (EI+) calc’d for
C;H,0,C1 [M+H]" 158.0135, found 158.0125.

Step 3. Bromination. Preparation of 2-bromo-4-methoxy-5-methylphenol (94d).
OH A 50 mL flask was charged with phenol S2a (300 mg, 2.17 mmol, 1
i equiv) and CH,Cl, (11 mL). The resulting solution was cooled to 0 °C in an
OMme ice-water bath, and bromine (0.117 mL, 2.28 mmol, 1.05 equiv) was added
e dropwise. (Caution! A copious amount of HBr gas is generated as the
reaction proceeds. A 16-gauge needle was pierced through the septa to allow the
reaction to vent). The reaction was allowed to stir at 0 °C for 30 min, then quenched with
saturated aqueous NaHCOs (11 mL). The organic layer was washed with water (2 x 10
mL), and the combined aqueous layers were extracted with CH,Cl, (20 mL). The
combined organic layers were dried over Na;SO4, concentrated, and purified by flash
chromatography (10% EtOAc/Hexanes) to give 94d (440 mg, 93% yield) as a beige
solid. The spectral data obtained for 94d is consistent with that reported in the literature.*

Preparation of 2-bromo-5-chloro-4-methoxyphenol (94e).

oH Prepared from 1.26 mmol of phenol S2b using the general procedure.
" 94e (288 mg, 96% yield) was isolated as a pale beige solid. The crude
product was used without further purification. 'H NMR (500 MHz, CDCl;)
8 7.08 (s, 1H), 7.01 (s, 1H), 5.17 (s, 1H), 3.84 (s, 3H); °C NMR (126 MHz,
CDCl3) 8 149.5, 146.6, 123.0, 117.6, 115.4, 107.6, 56.9; IR (NaCl/thin film): 3248, 2969,
1504, 1442, 1400, 1205, 1182, 1073, 859, 784 cm™'; HRMS (EI-) calc’d for C;H,0,Cl

[M-H] 234.9167, found 234.9198.

Cl
OMe
94e
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General procedure for the preparation of quinone sulfinimine substrates:

[o}
I

OH [0}

X X Ti(OEt),, THF +Bu” S N
Phl(OAc), 70 °C X
. MeOH, 0°C > . o /@j

1l
e e rS\

9<1Me " 0950M tBuT "NH, F‘MeO OMe

96

Step 1. Phenolic oxidation. Preparation of chloroquinone 95b.
o A 250 mL flask was charged with 2-chloro-4-methoxyphenol (94b) (2.00

(o]

g, 12.6 mmol, 1.0 equiv) and MeOH (70 mL). The resulting solution was
Me‘:)s;"‘"e cooled to 0 °C in an ice-water bath and a solution of iodobenzene diacetate
(4.47 g, 13.9 mmol, 1.1 equiv) in MeOH (40 mL) was added dropwise via cannula. The
reaction was allowed to stir at 0 °C for 10 min, then quenched with saturated agq.
NaHCOs3 (30mL). The organic solvent was removed by rotary evaporation, and the
resulting residue was diluted with Et;O (60 mL). The aqueous layer was extracted with
Et,0O (2 x 50 mL), and the combined organic layers were washed with brine (60 mL),
dried over MgSO,, concentrated, and purified by flash chromatography (6:1
Hexanes:EtOAc) to afford 95b (2.33 g, 98% yield) as a pale yellow oil. '"H NMR (500
MHz, CDCls) 6 7.01 (d, J=2.9 Hz, 1H), 6.85 (dd, J=10.3, 2.9 Hz, 1H), 6.36 (d, /=10.3
Hz, 1H), 3.38 (s, 6H); >C NMR (126 MHz, CDCls) & 177.9, 143.7, 139.3, 134.0, 128.6,
94.2, 50.6; IR (NaCl/thin film): 2943, 2833, 1684, 1647, 1616, 1331, 1118, 1061, 1036,
1018, 962, 948, 824, 812 cm™'; HRMS (EI+) calc’d for CsHoO3Cl [M+H]" 188.0240,
found 188.0211.
Preparation of bromoquinone 95c.
0 Prepared from 19.7 mmol of 2-bromo-4-methoxyphenol using the general
i procedure. The quinone product was purified by flash chromatography
Me(;5c°""e (10—20% EtOAc/Hexanes) to give 95¢ (4.00 g, 87% yield) as a pale yellow
solid. "H NMR (500 MHz, CDCl3) & 7.25 (d, J= 3.2 Hz, 1H), 6.82 (dd, J=10.3 Hz, 3.2
Hz, 1H), 6.33 (d, J = 10.3 Hz, 1H), 3.34 (s, 6H); °C NMR (126 MHz, CDCls) & 177.6,
143.9, 143.5, 128.0, 125.7, 94.2, 50.5; IR (NaCl/thin film): 3057, 2944, 2834, 1680,

1644, 1612, 1460, 1375, 1332, 1298, 1280, 1221, 1180, 1119, 1062, 1038, 1010, 964,
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939, 823, 742 cm’'; HRMS (EI+) calc’d for CsHoO3Br [M—OMe]™ 200.9551, found
200.9551.%°
Preparation of bromoquinone 95d.

o Prepared from 1.53 mmol of 2-bromo-4-methoxy-5-methylphenol (94d)

Br

using the general procedure. The quinone product was purified by flash
Me

s~ chromatography (0—20% EtOAc/Hexanes) to give 95d (350 mg, 93%
yield) as a white solid. "H NMR (500 MHz, CDCls) & 7.23 (s, 1H), 6.33 (q, J = 1.5 Hz,
1H), 3.26 (s, 6H), 1.94 (d, J = 1.5 Hz, 3H); °C NMR (126 MHz, CDCl;) & 177.7, 156.8,
144.7, 128.0, 127.2, 97.1, 51.2, 16.6; IR (NaCl/thin film): 3315, 3050, 2936, 2832, 1675,
1609, 1437, 1327, 1226, 1104, 1055, 923, 742 cm™'; HRMS (EI+) calc’d for CoH;;03Br
[M-OMe]" 214.9708, found 214.9706.
Preparation of dihaloquinone 95e.
0 . Prepared from 0.97 mmol of 2-bromo-5-chloro-4-methoxyphenol (94e)
using the general procedure. The quinone product was purified by flash

Cl

e chromatography (5—10% EtOAc/Hexanes) to give 95e (229 mg, 88%
yield) as a white solid. "H NMR (500 MHz, CDCls) & 7.26 (s, 1H), 6.72 (s, 1H), 3.34 (s,
6H); °C NMR (126 MHz, CDCls) & 176.1, 153.2, 144.2, 129.5, 126.5, 96.4, 51.7; IR
(NaCl/thin film): 3435, 3051, 2940, 2841, 1673, 1612, 1458, 1328, 1105, 1071, 997, 755

cm’'; HRMS (EI+) calc’d for CsHgO3CIBr [M-OMe]" 234.9161, found 234.9160.

Step 2. Sulfinamide condensation. Preparation of chlorosulfinimine 96b.
i.’ A 50 mL oven-dried Schlenk tube was charged with (R)-tert-
R o Dbutanesulfinamide (1.78 g, 14.7 mmol, 1.1 equiv) followed by a solution of
chloroquinone 95b (2.64 g, 14.0 mmol, 1.0 equiv) and titanium (IV)
Mecs)mbo " ethoxide (6.4 mL, 30.5 mmol, 2.2 equiv) in THF (14 mL). The Schlenk
tube was sealed and heated to 70°C in an oil-bath for 72 h while keeping the reaction
from light. The reaction was allowed to cool to room temperature, diluted with EtOAc,
and slowly poured into a stirring solution of brine (40 mL). The resulting suspension was
filtered through a plug of celite and the organic layer was washed with brine (2 x 30 mL).

The combined aqueous layers were extracted with EtOAc (40 mL), and the combined
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organic layers were dried over Na,SO4, concentrated, and purified by flash
chromatography (20% EtOAc/Hexanes) to furnish 96b (3.82 g, 93% yield) as an orange
oil. "H NMR (500 MHz, CDCl3) & 7.78 (d, J = 10.7 Hz, 1H), 6.68 (d, J = 2.4 Hz, 1H),
6.45 (dd, J = 10.5, 2.7 Hz, 1H), 3.34 (s, 3H), 3.33 (s, 3H), 1.33 (s, 9H); °C NMR (126
MHz, CDCls) & 156.2, 137.0, 134.0, 133.8, 122.3, 94.2, 60.9, 50.3, 50.2, 23.2; IR
(NaCl/thin film): 2961, 2945, 1569, 1457, 1168, 1113, 1082, 1039, 957, 790 cm™'; HRMS
(EI+) calc’d for CoH;sNOsCIS [M+H]" 292.0769, found 292.0769; [a]p® —344.7 (c
0.62, CH,Cly).
Preparation of bromsulfinimine 96c¢.
.‘S,’ Prepared from 6.44 mmol of bromoquinone 95¢ using the general
v s procedure. The sulfinimine product was purified by flash chromatography
(9—33% EtOAc/Hexanes) to yield 96c (1.91 g, 85% yield) as an orange
Meoeefme solid. '"H NMR (500 MHz, CDCl3) § 7.79 (d, J = 10.7 Hz, 1H), 6.94 (d, J =
2.4 Hz, 1H), 6.46 (dd, J = 10.5, 2.7 Hz, 1H), 3.35 (s, 3H), 3.34 (s, 3H) 1.33 (s, 9H); "°C
NMR (126 MHz, CDCls) 6 156.5, 138.4, 137.0, 125.6, 122.1, 94.5, 61.0, 50.33, 50.25,
23.2; IR (NaCl/thin film): 3198, 2958, 2929, 1669, 1597, 1290, 1057, 956, 886 cm';
HRMS (EI+) calc’d for Cj,H sNO3BrS [M+H]" 336.0264, found 336.0258; [a]p> —235.6
(c 0.80, CH,Cl).

Preparation of quinone sulfinimine 96d.

.‘s,’ Prepared from 0.30 mmol of bromoquinone 95d using the general
= s procedure. The sulfinimine product was purified by flash chromatography
W (0—20% EtOAc/Hexanes) to yield 96d (62 mg, 58% yicld) as an orange

MeO OMe

96d oil. "H NMR (500 MHz, CDCls) & 7.67 (q, J = 1.5 Hz, 1H), 6.88 (s, 1H),
3.22 (s, 3H), 3.20 (s, 3H), 1.90 (d, J = 1.5 Hz, 3H), 1.34 (s, 9H); °C NMR (126 MHz,
CDCl3) & 156.9, 149.5, 139.4, 127.0, 121.6, 97.2, 60.5, 51.1, 51.0, 23.1, 16.8; IR
(NaCl/thin film): 2947, 2830, 1611, 1565, 1456, 1362, 1225, 1109, 1079, 969, 939 cm™;
HRMS (EI+) calc’d for C;3H,0NO3SBr [M+H]" 350.0420, found 350.0423; [a]p® —261.7
(c 0.98, CH,CL,).
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Preparation of quinone sulfinimine 96e.

0 Prepared from 0.75 mmol of bromoquinone 95e using the general

S
t-Bu” N

s procedure. The sulfinimine product was purified by flash hromatography
Cl

(0—20% EtOAc/Hexanes) to yield 96e (233 mg, 84% yield) as an orange

e oil. "H NMR (500 MHz, CDCly) § 8.17 (s, 1H), 6.88 (s, 1H), 3.30 (s, 3H),

3.28 (s, 3H), 1.35 (s, 9H); C NMR (126 MHz, CDCl3) & 155.0, 145.4, 138.5, 126.2,

123.3, 96.4, 61.5, 51.6, 51.5, 23.2; IR (NaCl/thin film): 3078, 2947, 2832, 1596, 1561,

1457, 1363, 1234, 1112, 1081, 1001, 977 cm’™; HRMS (EI+) calc’d for C2H;7NO3SCIBr
[M+H]" 369.9874 found 369.9873; [a]p>> —346.2 (¢ 1.54, CH,CL).

General procedures for the diastereoselective addition of organolithium and

organomagnesium reagents to quinone sulfinimine substrates:

9
N\
s Vs—
+Bu” N ) S NH.&F{1
X R-M o tBU X
Et,0, -78 °C;
then 1N HCI, -78 to 23 °C R
R
MeO OMe o
926 97

Method A.

An oven-dried 10 mL flask was charged with quinone sulfinimine 96 (0.30 mmol, 1
equiv) and Et;O (0.6 mL). The resulting solution was cooled to —78 °C in a dry ice-
acetone bath, and the organolithium reagent (0.33 mmol, 1.1 equiv) was added dropwise.
After stirring at —78 °C for 1 h, the reaction was quenched at that temperature by the
addition of aq. 1IN HCI (0.6 mL). The reaction mixture was allowed to warm to room
temperature and was vigorously stirred for 20 min. The reaction was diluted with EtOAc
(30 mL) and washed with saturated ag. NaHCOs (15 mL). The aqueous layer was
extracted with EtOAc (30 mL), and the combined organic layers were washed with brine
(20 mL), dried over Na,SO., and concentrated under reduced pressure to provide the

crude product, which was analyzed by LC/MS and purified by flash chromatography.
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Method B.

An oven-dried 10 mL flask was charged with aryl or vinyl bromide (0.48 mmol, 2.0
equiv) and Et,0O (0.4 mL). The resulting solution was cooled to —78 °C in a dry-ice
acetone bath, and #~BuLi (0.99 mmol, 1.7 M in pentane, 4.1 equiv) was added dropwise.
The resulting solution was warmed to 0 °C and stirred at that temperature for 45 min. The
reaction mixture was re-cooled to —78 °C, and a solution of quinone sulfinimine 96 (0.24
mmol, 1 equiv) in Et,0O (0.5 mL) was added dropwise. The resulting suspension was
stirred at —78 °C for 1 h, then quenched at that temperature by the addition of aq. IN HCI
(0.5 mL). Reaction work-up was conducted as described in Method A to obtain the crude

product, which was analyzed by LC/MS and purified by flash chromatography.

Sulfinamide 97a. Method A.
N o The reaction was run using quinone sulfinimine 96b (90 mg, 0.30
tad X _eo mmol) and n-BuLi (0.22 mL, 1.5 M in hexanes, 0.33 mmol). The
Q/ diastereoselectivity was determined by LC/MS: 97:3 dr. (5—95%
933 MeCN/H,0, t = 0—7 min, 1 mL/min. Minor diastereomer: tg = 5.3 min,
major diastereomer: tg = 5.6 min). The crude material was purified by flash
chromatography (30—80% EtOAc/Hexanes) to provide 97a (85 mg, 90% yield) as a pale
yellow foam. '"H NMR (500 MHz, CDCls) & 6.99 (d, J = 10.3 Hz, 1H), 6.53 (d, J = 1.5
Hz, 1H), 6.38 (dd, J = 10.0, 1.7 Hz, 1H), 3.60 (s, 1H), 2.12 (ddd, J = 12.8, 10.5, 6.9 Hz,
1H), 1.67 (ddd, J = 12.7, 10.9, 5.5 Hz, 1H), 1.29 (dt, J = 14.7, 7.4 Hz, 2H), 1.22 (s, J =
5.0 Hz, 9H), 1.12 — 1.01 (m, 2H), 0.86 (t, J = 7.4 Hz, 3H); °C NMR (126 MHz, CDCl;) &
184.2, 155.9, 150.9, 131.0, 128.7, 62.1, 56.7, 38.8, 25.2, 22.4, 22.3, 13.7; IR (NaCl/thin
film): 3198, 2959, 2929, 1660, 1599, 1057, 976, 885 cm™'; HRMS (EI+) calc’d for
C14H»NO,SCI [M+H]" 304.1133, found 304.1131; [a]p> —160.7 (c 0.50, CH,CL,).
Sulfinamide 97b. Method A.
o The reaction was run using sulfinimine 96b (80 mg, 0.27 mmol) and
o X _o PhLi (0.18 mL, 1.7 M in di-n-butyl ether, 0.30 mmol). The
Q/ diastereoselectivity was determined by LC/MS: 78:22 dr. (5—95%

97b MeCN/H,0, t = 0-7 min, 1 mL/min. Minor diastereomer: tg = 4.9 min,
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major diastereomer: tg = 5.1 min). The crude material was purified by flash
chromatography (20—80% EtOAc/Hexanes) to give (R,R)-97b (68 mg, 76% yield) as a
pale yellow solid. Major diastereomer: 'H NMR (500 MHz, CDCls) & 7.49-7.37 (m, 5H),
7.12 (d, J=9.8 Hz, 1H), 6.57 (d, J= 1.5 Hz, 1H), 6.40 (dd, J=10.0, 1.7 Hz, 1H), 4.15 (s,
1H), 1.33 (s, 9H); °C NMR (126 MHz, CDCls) § 184.1, 155.9, 150.5, 137.2, 129.8,
129.4, 129.3, 126.34, 126.23, 64.5, 57.4, 22.6; IR (NaCl/thin film): 3186, 2960, 1658,
1596, 1300, 1062, 976 cm™; HRMS (EI+) calc’d for C14H,,NO,CIS [M+H]" 324.0820,
found 324.0827; [a]p> —102.4 (¢ 0.80, CH,Cl,). The minor diastereomer ((R,S)-97b) was
obtained as a pale yellow oil: '"H NMR (500 MHz, CDCl3) & 7.48-7.32 (m, 5H), 6.80 (d,
J=10.3 Hz, 1H), 6.74 (d, J = 2.0 Hz, 1H), 6.27 (dd, J = 10.0, 1.7 Hz, 1H), 4.53 (s, 1H),
1.36 (s, 9H); °C NMR (126 MHz, CDCl3) & 184.1, 158.0, 148.4, 137.5, 129.8, 129.5,
129.2, 126.9, 125.6, 64.3, 57.4, 22.7; IR (NaCl/thin film): 3186, 2960, 1658, 1596, 1491,
1448, 1378, 1364, 1300, 1062, 976, 958 cm™; HRMS (EI+) calc’d for C14H»NO,CIS
[M+H]" 324.0820, found 324.0823; [a]p”> —365.9 (¢ 0.40, CH,CL,).
Sulfinamide 97c. Method A.
N e The reaction was run using sulfinimine 96¢ (80 mg, 0.24 mmol) and
ead e, BuLi (0.18 mL, 1.5 M in hexanes, 0.26 mmol). The diastereoselectivity
was determined by LC/MS: 98:2 d.r. (5—95% MeCN/H;0, t = 0—7 min, 1
97e mL/min. Minor diastereomer: tg = 5.4 min, major diastereomer: tg = 5.7
min). The crude material was purified by flash chromatography (30—90%
EtOAc/Hexanes) to furnish 97¢ (73 mg, 88% yield) as a pale yellow foam. 'H NMR (500
MHz, CDCl3) 6 7.10 (d, J = 9.8 Hz, 1H), 6.79 (d, J = 2.0 Hz, 1H), 6.41 (dd, J = 10.0, 1.7
Hz, 1H), 3.61 (s, 1H), 2.17-2.07 (m, 1H), 1.70-1.59 (m, 2H), 1.35-1.26 (m, 2H), 1.24 (s,
9H), 1.10-1.00 (m, 2H), 0.87 (t, J = 7.3 Hz, 3H); °C NMR (126 MHz, CDCl;) & 183.5,
151.1, 150.1, 135.3, 128.6, 62.4, 56.8, 39.8, 25.1, 22.6, 22.3, 13.7; IR (NaCl/thin film):
2946, 1567, 1457, 1179, 1110, 1082, 1039, 962, 764 cm™; HRMS (EI+) calc’d for

C14H2,NO,SBr [M+H]" 348.0627, found 348.0628; [a]p> —139.0 (c 0.50, CH,CL).
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Sulfinamide 97d. Method A.
The reaction was run using sulfinimine 96¢ (80
O\\S_NH:Et AP mg, 0.24 mmol) and EtLi (0.52 mL, 0.5 M in 90:10
| NG cyclohexane:benzene, 0.26 mmol). The
diastereoselectivity was determined by LC/MS:
98:2 d.r. (5—95% MeCN/H,O, t = 0-7 min, 1

mL/min. Minor diastereomer: tg = 4.4 min, major diastereomer: tgr = 4.7 min). The crude
material was purified by flash chromatography (50—75% EtOAc/Hexanes) to give 97d
(74 mg, 96% vyield) as a pale yellow solid. The solid was recrystallized from
CH,Cly/pentane to give crystals suitable for single crystal X-ray diffraction. 'H NMR
(500 MHz, CDCls) & 7.07 (d, J = 10.3 Hz, 1H), 6.81 (d, J = 1.5 Hz, 1H), 6.43 (dd, J =
10.0, 1.7 Hz, 1H), 2.14 (dq, J = 13.1, 7.5 Hz, 1H), 1.72 (dq, J = 13.1, 7.4 Hz, 1H), 1.24
(s, 9H), 0.76 (t, J = 7.3 Hz, 3H); °C NMR (126 MHz, CDCl3) § 183.5, 150.8, 149.7,
135.6, 128.9, 63.0, 56.8, 33.3, 22.6, 7.5; melting point: 60 °C (decomposition); IR
(NaCl/thin film): 3196, 2970, 1669, 1597, 1286, 1052, 954 cm™'; HRMS (EI+) calc’d for
C1,H;sNO,SBr [M+H]" 320.0314, found 320.0318. [a]p>> —160.7 (¢ 1.20, CH,CL,).
Sulfinamide 97e. Method A.

The reaction was run using sulfinimine 96¢ (90 mg, 0.27 mmol) and

A\Y
t_Bus—NH.*Me s MeLi (0.10 mL, 29 M in diethoxymethane, 0.29 mmol). The
diastereoselectivity was determined by LC/MS: 98:2 dr. (5—95%
9<;e MeCN/H,0, t = 0~7 min, 1 mL/min. Minor diasterecomer: tg = 4.0 min,

major diastereomer: tg = 4.3 min). The crude material was purified by flash
chromatography (50—100% EtOAc/Hexanes) to provide 97e (75 mg, 91% yield) as a
pale yellow solid. '"H NMR (500 MHz, CDCl;) § 7.19 (d, J = 10.3 Hz, 1H), 6.74 (d, J =
1.5 Hz, 1H), 6.33 (dd, J = 10.0, 1.7 Hz, 1H), 3.63 (s, 1H), 1.61 (s, 3H), 1.25 (s, 9H); °C
NMR (126 MHz, CDCls) 6 183.1, 151.9, 151.1, 133.9, 126.7, 58.7, 56.8, 28.1, 22.6; IR
(NaCl/thin film): 3139, 2991, 1668, 1636, 1599, 1296, 1048, 960, 884 cm™'; HRMS (EI+)
calc’d for C;;HgNO,SBr [M+H]" 306.0158, found 306.0158; [a]p” —190.3 (c 0.71,
CH,Cl).
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Sulfinamide 97f. Method A.

The reaction was run using sulfinimine 96d (73 mg, 0.21 mmol) and

Ss—nH Me
PN MeLi (0.08 mL, 2.72 M in diethoxymethane, 0.23 mmol). The
Me I diastereoselectivity was determined by LC/MS: 98:2 d.r. (5—95%

ot MeCN/H,0, t = 0-10 min, 1 mL/min. Minor diastereomer: tg = 3.0 min,

major diastereomer: tg = 3.3 min). The crude material was purified by flash
chromatography (30—80% EtOAc/Hexanes) to provide 97f (61 mg, 91% yield) as a
white solid. "H NMR (500 MHz, CDCl;) & 6.94 (q, J = 1.4 Hz, 1H), 6.72 (s, 1H), 3.59 (s,
1H), 1.93 (d, J = 1.5 Hz, 3H), 1.57 (s, 3H), 1.23 (s, 9H); °C NMR (126 MHz, CDCl3) &
183.9, 150.7, 147.4, 133.5, 133.5, 59.0, 56.7, 28.4, 22.6, 15.2; IR (NaCl/thin film): 3125,
2989, 2926, 2870, 1663 1649, 1608, 1460, 1365, 1113, 1040, 1015, 901, 892 cm;
HRMS (EI+) calc’d for C;,H;sNO,SBr [M+H]" 320.0314, found 320.0316. [a]p® —168.9
(c 1.05, CH,Cl).
Sulfinamide 97g. Method A.
e The reaction was run using sulfinimine 96e (83 mg, 0.22 mmol) and
red X e MeLi (0.091 mL, 2.72 M in diethoxymethane, 0.25 mmol). The
/Q/ diastereoselectivity was determined by LC/MS: 97:3 d.r. (5—95%

C
o

979 MeCN/H,0, t = 0-10 min, 1 mL/min. Minor diastereomer: tg = 3.1 min,
major diastereomer: tg = 3.4 min). The crude material was purified by flash
chromatography (25—70% EtOAc/Hexanes) to provide 97g (70 mg, 92% yield) as a pale
yellow solid. "H NMR (500 MHz, CDCl3) & 7.35 (s, 1H), 6.84 (s, 1H), 3.71 (s, 1H), 1.65
(s, 3H), 1.25 (s, 9H); °C NMR (126 MHz, CDCL;) & 176.4, 151.2, 147.8, 132.6, 131.0,
60.6, 57.0, 28.2, 22.5; IR (NaCl/thin film): 3126, 2981, 2930, 2868, 1674, 1609, 1365,
1334, 1040, 1005, 892, 873 cm™; HRMS (EI+) calc’d for C;H;sNO,SCIBr [M+H]"
339.9768, found 339.9765. [a]p> —138.1 (¢ 1.2, CH,CL,).

Sulfinamide 97h. Method A.

N The reaction was run using sulfinimine 96¢ (80 mg, 0.24 mmol) and

of 3 e PhLi (0.15 mL, 1.7 M in di-n-butyl ether, 0.26 mmol). The
diastereoselectivity was determined by LC/MS: 80:20 d.r. (5—95%

97h
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MeCN/H,0, t = 0-7 min, 1 min/mL. Minor diastereomer: tg = 5.0 min, major
diastereomer: tg = 5.2 min). The crude material was purified by flash chromatography
(20—80% EtOAc/Hexanes) to yield (R,R)-97h (65 mg, 74% yield) as a yellow solid.
Major diastereomer: 'H NMR (500 MHz, CDCls) & 7.48 — 7.35 (m, 5H), 7.20 (d, J = 9.8
Hz, 1H), 6.83 (d, J = 1.5 Hz, 1H), 6.40 (dd, J = 10.0, 1.7 Hz, 1H), 4.20 (s, 1H), 1.34 (s,
9H); °C NMR (126 MHz, CDCl;) & 183.4, 150.8, 149.9, 137.6, 133.8, 129.31, 129.25,
126.2, 126.0, 64.8, 57.4, 22.8; IR (NaCl/thin film): 3184, 2960, 1669, 1292, 1059, 954
cm™'; HRMS (EI+) calc’d for C¢H sNO,SBr [M+H]" 368.0314, found 368.0317. [a]p™ —
102.8 (¢ 0.60, CH,Cl,). The minor diastereomer ((R,S)-97h) was obtained as a pale
yellow oil. "H NMR (500 MHz, CDCl;) & 7.46 — 7.33 (m, 5H), 6.97 (d, J = 2.0 Hz, 1H),
6.89 (d, J = 9.8 Hz, 1H), 6.29 (dd, J = 10.0, 1.7 Hz, 1H), 4.56 (s, 1H), 1.37 (s, 9H); °C
NMR (126 MHz, CDCl3) 6 183.3, 152.5, 148.6, 137.9, 133.6, 129.4, 129.2, 126.8, 125.6,
64.8, 57.4, 22.7; IR (NaCl/thin film): 3287, 2959, 1669, 1295, 1078, 952 cm™'; HRMS
(EI+) calc’d for CigH sNO,SBr [M+H]" 368.0314, found 368.0313; [a]p” —281.0 (c
0.45, CH,CL).
Sulfinamide 97i. Method B.
g e @ The reaction was run using quinone sulfinimine 96¢ (81 mg, 0.24
,_BUIS_NH.’ s mmol), and o-bromotoluene (57 uL, 0.48 mmol). The diastereoselectivity
Q/ was determined by LC/MS: 97:3 d.r. (5% MeCN/H;O, t = 0—0.5 min;
97? 5—45% MeCN/H,0, t = 0.5-10.5 min, 1 mL/min. Minor diastereomer: tg
= 8.3 min, major diastereomer: tg = 8.7 min). The crude material was purified by flash
chromatography (25—50% EtOAc/Hexanes) to furnish 97i (79 mg, 86% yield) as a pale
yellow foam. 'H NMR (500 MHz, CDCl3) § 7.72 (dd, J = 7.8, 1.5 Hz, 1H), 7.34 (dt, J =
7.8, 1.5 Hz, 1H), 7.31 (dt,J=7.3, 1.5 Hz, 1H), 7.16 (dd, J= 7.3, 1.5 Hz, 1H), 7.10 (d, J =
10.3 Hz, 1H), 6.90 (d, J= 1.7 Hz, 1H), 6.48 (dd, J = 9.9, 1.7 Hz, 1H), 4.23 (s, 1H), 2.26
(s, 3H), 1.32 (s, 9H); °C NMR (126 MHz, CDCl;) & 183.4, 149.3, 148.5, 136.0, 135.7,
134.2, 133.2, 129.3, 127.4, 127.2, 126.9, 64.8, 57.3, 22.7, 20.7; IR (NaCl/thin film):
3188, 2960, 1666, 1641, 1594, 1291, 1082, 1068, 951 cm™; HRMS (EI+) calc’d for
C17H,0NO,SBr [M+H]" 382.0471, found 382.0469. [a]p> —107.7 (¢ 0.60, CH,CL,).
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Sulfinamide 97j. Method B.
Me The reaction was run using sulfinimine 96¢ (81 mg, 0.24 mmol) and
C{\S_NHQ m-bromotoluene (58 uL, 0.48 mmol). The diastereoselectivity was
ead Q/B’ determined by LC/MS: 91:9 d.r. (5—40% MeCN/H,0, t = 0-0.5 min;
40—50% MeCN/H,0, t = 0.5-8.5 min, 1 mL/min. Minor diastereomer: tg
9 = 5.2 min, major diastereomer: tg = 5.5 min). The crude material was
purified by flash chromatography (25—50% EtOAc/Hexanes) to yield 97j (73 mg, 79%
yield) as a pale yellow foam. 'H NMR (500 MHz, CDCl3) & 7.33-7.29 (m, 1H), 7.29—
7.26 (m, 1H), 7.19 (d, J=10.3 Hz, 1H), 7.19 (m, 1H), 6.83 (d, J = 2.0 Hz, 1H), 6.39 (dd,
J =9.8, 1.5 Hz, 1H), 4.19 (s, 1H), 2.37 (s, 3H), 1.34 (s, 9H); °C NMR (126 MHz,
CDCls) 6 183.5, 150.9, 150.1, 139.3, 137.5, 133.8, 130.1, 129.2, 126.7, 125.9, 123.2,
64.8, 57.4, 22.8, 21.6; IR (NaCl/thin film): 3188, 2959, 1669, 1595, 1292, 1079, 1062,
954 c¢cm’'; HRMS (EI+) calc’d for C7HyNO,SBr [M+H]" 382.0471, found 382.0468.

[a]p® —99.1 (¢ 0.60, CH,CL).

Sulfinamide 97k. Method B.
The reaction was run using sulfinimide 96¢ (80 mg, 0.24 mmol)
% @ and p-bromotoluene (81 mg, 0.48 mmol). The diastereoselectivity was
,_BU/S_NH-" sr  determined by LC/MS: 91:9 d.r. (5—=30% MeCN/H,0, t = 0—0.5 min;
Q/ 30—50% MeCN/H,0, t = 0.5-10.5 min, 1 mL/min. Minor
97?( diastereomer: tg = 8.2 min, major diastereomer: tg = 8.7 min). The crude
material was purified by flash chromatography (25—60% EtOAc/Hexanes) to provide
97Kk (72 mg, 78% yield) as a pale yellow foam. '"H NMR (500 MHz, CDCls) & 7.32 (app
d, J=8.3 Hz, 2H), 7.22 (d, /= 8.3 Hz, 2H), 7.19 (d, /= 9.8 Hz, 1H), 6.81 (d, J = 1.5 Hz,
1H), 6.38 (dd, J = 10.0, 1.7 Hz, 1H), 4.17 (s, 1H), 2.36 (s, 3H), 1.34 (s, 9H); °C NMR
(126 MHz, CDCls) 6 183.5, 160.0, 150.2, 139.4, 134.6, 133.7, 130.0, 126.1, 125.8, 64.7,
57.4,22.8,21.1; IR (NaCl/thin film): 3186, 2959, 2920, 1668, 1292, 1079, 1062, 955 cm
' HRMS (EI+) calc’d for Ci7H,0NO,SBr [M+H]" 382.0471, found 382.0470. [a]p> —

84.7 (¢ 0.50, CH,CL).
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Sulfinamide 971. Method B.

o The reaction was run in THF using sulfinimide 96¢ (80 mg, 0.24
" \=/Ph

e X s mmol) using P-bromostyrene’” (87 mg, 0.48 mmol). The

Q/ diastereoselectivity was determined by LC/MS: 98:2 d.r. (5—50%

97? MeCN/H;0, t = 0-10 min; 50—100% MeCN/H,0, t = 10-13 min, 1
mL/min. Minor diastereomer: tg = 11.6 min, major diastereomer: tg = 11.8 min). The
crude material was purified by flash chromatography (25—90% EtOAc/Hexanes) to
furnish 971 (64 mg, 68% yield) as a pale yellow solid.”® '"H NMR (500 MHz, CDCl3) &
7.42-7.37 (m, 2H), 7.37-7.29 (m, 3H), 7.25 (d, /= 9.8 Hz, 1H), 6.79 (d, /= 1.5 Hz, 1H),
6.69 (d, J=16.1 Hz, 1H), 6.44 (dd, /= 10.0, 1.7 Hz, 1H), 6.19 (d, J = 16.1 Hz, 1H), 3.92
(s, 1H), 1.30 (s, 9H); °C NMR (126 MHz, CDCl;) § 183.1, 149.7, 149.0, 135.0, 134.0,
133.8, 129.1, 128.8, 127.02, 127.00, 126.9, 62.4, 57.2, 22.7, 22.4; IR (NaCl/thin film):
3189, 2960, 1669, 1596, 1293, 1060, 955, 735 cm’'; HRMS (EI+) calc’d for
C1sH0NO,SBr [M+H]394.0471, found 394.0476. [a]p> —115.0 (¢ 0.65, CH,CL).
Sulfinamide 97m. Method A.

9 The reaction was run in THF using sulfinimine 96¢ (80 mg, 0.24
S—NH

wd X e mmol) and vinyllithium® (0.48 mmol). The diastereoselectivity was
Q/ determined by LC/MS: 98:2 d.r. (5—50% MeCN/H,0, t = 0—10 min, 1
970'“ mL/min. Minor diastereomer: tg = 7.9 min, major diastereomer: tg = 8.3
min). The crude material was purified by flash chromatography (40—90%
EtOAc/Hexanes) to yield 97m (55 mg, 72% yield) as a yellow foam. '"H NMR (500 MHz,
CDCl3) 6 7.13 (d, J = 9.8 Hz, 1H), 6.76 (d, J = 1.0 Hz, 1H), 6.39 (dd, J = 10.0, 1.2 Hz,
1H), 5.87 (dd, J = 17.3, 10.5 Hz, 1H), 5.45 (d, J = 10.7 Hz, 1H), 5.45 (d, J = 17.1 Hz,
1H), 3.82 (s, 1H), 1.27 (s, 9H); >C NMR (126 MHz, CDCls) & 183.0, 149.6, 148.5,
136.4, 134.1, 127.1, 119.3, 62.6, 57.2, 22.6; IR (NaCl/thin film): 3186, 2959, 1669, 1594,
1294, 1060, 954 cm™'; HRMS (EI+) calc’d for C1,H ¢NO,SBr [M+H]" 318.0158, found
318.0161. [a]p™ —175.9 (¢ 0.85, CH,CL).
Sulfinamide 97n. Method A.
The reaction was run in THF using sulfinimide 96¢ (80 mg, 0.24 mmol) and

allylmagnesium chloride (0.13 mL, 2.0 M in THF, 0.26 mmol). The diastereoselectivity
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O\\S_NH J was determined by LC/MS: 87:13 d.r. (5—40% MeCN/H,O, t = 0-0.5
s X_er min; 40—>60% MeCN/H,O, t = 0.5-5.5 min, 1 mL/min. Minor
ﬁ;/ diastereomer: tg = 3.0 min, major diastereomer: tg = 3.4 min). The crude
97?1 material was  purified by flash  chromatography (30—80%
EtOAc/Hexanes) to give (R,R)-97n (49 mg, 82% yield) as a pale yellow solid. Major
diastereomer: '"H NMR (500 MHz, CDCl3) 6 7.14 (d, J = 10.0 Hz, 1H), 6.79 (d, J = 1.8
Hz, 1H), 6.39 (dd, J = 10.0, 1.8 Hz, 1H), 5.52 (dddd, J = 17.1, 10.1, 7.7, 7.1 Hz, 1H),
5.26-5.22 (m, 1H), 5.22-5.20 (m, 1H), 3.77 (s, J = 10.4 Hz, 1H), 2.75 (ddt, /= 13.2, 7.1,
1.0 Hz, 1H), 2.57 (ddt, J = 13.2, 7.8, 1.0 Hz, 1H), 1.25 (s, 9H); °C NMR (126 MHz,
CDCl;) & 183.2, 150.6, 149.7, 135.4, 128.8, 128.2, 122.1, 61.6, 57.1, 44.6, 22.6. IR
(NaCl/thin film): 3196, 2959, 1669, 1597, 1056, 957 cm™; HRMS (EI+) calc’d for
C13H;sNO,SBr [M+H]" 332.0314, found 332.0316. [a]p” —129.0 (¢ 0.6, CH,Cl,). The
minor diastereomer ((R,S)-97n) was obtained as a pale yellow solid. '"H NMR (500 MHz,
CDCl;3) 6 6.89 (d, J=10.3 Hz, 1H), 6.76 (d, J = 1.5 Hz, 1H), 6.39 (dd, J = 10.0, 1.7 Hz,
1H), 5.47 (ddt, J=17.1, 10.3, 7.3 Hz, 1H), 5.20 -5.13 (m, 2H), 3.95 (s, 1H), 2.70 — 2.59
(m, 2H), 1.26 (s, 9H); °C NMR (126 MHz, CDCl;) & 183.1, 152.0, 148.3, 133.8, 129.7,
128.7, 121.2, 61.8, 56.9, 43.9, 22.5; IR (NaCl/thin film): 3195, 2956, 1670, 1595, 1070,
955, 883 cm; HRMS (EI+) calc’d for C;3H;sNO,S¥Br [M+H]" 333.0221, found
333.0209. [a]p> —95.7 (¢ 0.80, CH,CL,).
Sulfinamide 970. Method A.
o The reaction was run using quinone sulfinimine 96¢ (80 mg, 0.24

£7%: 7= mmol) and propargylmagnesium bromide (0.48 mL, 0.55 M in Et,0,

t-Bu
0.26 mmol). The diastereoselectivity was determined to be >97:3 by 'H

(o]
970

(25—75% EtOAc/Hexanes) to give 970 (72 mg, 91% yield) as a white solid. "H NMR
(500 MHz, CDCls) & 7.34 (d, J = 10.3 Hz, 1H), 6.85 (d, J = 1.7 Hz, 1H), 6.40 (dd, J =
10.1, 1.8 Hz, 1H), 4.12 (s, 1H), 3.02 (dd, J = 16.6, 2.7 Hz, 1H), 2.61 (dd, J = 16.6, 2.7
Hz, 1H), 2.27 (t, J = 2.7 Hz, 1H), 1.26 (s, 9H); °C NMR (126 MHz, CDCls) § 182.7,
150.0, 147.7, 136.2, 127.6, 76.0, 74.7, 60.1, 57.2, 31.5, 22.6; IR (NaCl/thin film): 3283,

NMR. The crude material was purified by flash chromatography
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3128, 2962, 1671, 1600, 1377, 1308, 1278, 1047, 1036, 957 cm™'; HRMS (EI+) calc’d for
C13HsNO,SBr [M+H]" 330.0158, found 330.0159. [a]p>> —94.6 (¢ 1.05, CH,Cl,).
Sulfinamide 97p. Method A.

o TMS The reaction was run in THF at 0 °C using quinone sulfinimine 96¢

e _ _Br

(40 mg, 0.12 mmol) and lithium (trimethylsilyl)acetylide®® (0.24 mmol).
The diastereoselectivity was determined by LC/MS: >98:2 d.r.
97(; (30—50% MeCN/H,0, t = 0—10 min; 50—70% MeCN/H,0, t = 10-15
min, 1 mL/min. Minor diastereomer: tg = 11.6 min, major diastereomer: tg = 12.0 min).
The crude material was purified by flash chromatography (10—40% EtOAc/Hexanes) to
give 97p (46 mg, 99% yield) as a pale yellow foam. "H NMR (500 MHz, CDCl;) & 7.18
(d, /J=9.8 Hz, 1H), 6.73 (d, /= 1.7 Hz, 1H), 6.36 (dd, J=9.9, 1.7 Hz, 1H), 4.00 (s, 1H),
1.26 (s, 9H), 0.20 (s, 9H); °C NMR (126 MHz, CDCl;) & 182.5, 147.2, 146.1, 133.5,
126.4, 98.1, 93.7, 57.2, 56.5, 22.5, —0.6; IR (NaCl/thin film): 3185, 2960, 1673, 1599,
1292, 1251, 1076, 955, 845 cm™; HRMS (EI+) calc’d for C;sH»NO,SSiBr [M+H]"
388.0397, found 388.0401. [a]p> —41.0 (¢ 0.50, CH,CL,).
Sulfinamide 97q. Method A.
The reaction was run in THF using quinone sulfinimine 96¢
% HN_i'q.Bu (270 mg, 0.80 mmol) and (3,4-dimethoxyphenethyl)magnesium
Q bromide’’ (1.6 mL, 0.55 M in THF, 0.88 mmol). The
" or:: diastereoselectivity was determined by LC/MS: 96:4 d.r. (30—50%
MeCN/H,0, t = 0-10 min, 1 mL/min. Minor diastereomer: tg = 5.8 min, major
diastereomer: tg = 7.2 min). The crude material was purified by flash chromatography
(50—100% Hexanes/EtOAc) to provide 97q (301 mg, 82% yield) as a pale yellow foam.
'H NMR (500 MHz, CDCl3) § 7.18 (d, J = 10.0 Hz, 1H), 6.87 (d, J = 1.7 Hz, 1H), 6.77
(d, J=8.1 Hz, 1H), 6.66 (dd, J = 8.1, 2.0 Hz, 1H), 6.62 (d, J= 2.0 Hz, 1H), 6.46 (dd, J =
10.0, 1.7 Hz, 1H), 3.86 (s, 3H), 3.84 (s, 3H), 3.67 (s, 1H), 2.47 — 2.27 (m, 3H), 2.04 —
1.93 (m, 1H), 1.23 (s, 9H); °C NMR (126 MHz, CDCl;) & 183.3, 150.7, 149.6, 149.0,
147.7, 135.6, 132.0, 128.8, 120.1, 111.5, 111.4, 62.2, 56.8, 56.0, 55.9, 41.8, 29.2, 22.5;
IR (NaCl/thin film): 3246, 2958, 2835, 1669, 1645, 1596, 1516, 1465, 1258, 1236, 1157,
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1060, 1027, 730 cm™; HRMS (EI+) calc’d for Co0Hy6NO4SBr [M+H]™ 456.0839, found
456.0841. [a]p> —63.3 (¢ 1.15, CH,CL).

Preparation of dienone 98.

W N
S—NH Me S—NH Me
S g PhSnBu, Y, J
tBu r PdCI,(PPhs), tBu Ph
PhMe, 100 °C
97¢ o (93% yield) 08

Sulfinamide 97e (51.9 mg, 0.169 mmol), PdCIy(PPh;), (5.6 mg, 8.0 wmol), and
PhSnBu3 (75 mg, 0.20 mmol) were dissolved in PhMe (1 mL), and the resulting solution
was heated to 100°C for 3 hours. The reaction mixture was cooled to room temperature,
filtered through a plug of silica gel, and rinsed with EtOAc (15 mL). The filtrate was
concentrated in vacuo and purified by flash chromatography (20—70% CH,Cl,/EtOAc)
to afford phenyldienone 98 as a white solid (47.8 mg, 0.158 mmol, 93% yield). '"H NMR
(500 MHz, CDCl3) 6 7.50 — 7.47 (m, 2H), 7.37-7.35 (m, 3H), 7.09 (d, J = 10.0 Hz, 1H),
6.37 (d, J = 2.0 Hz, 1H), 6.30 (dd, J = 10.0 Hz, 2.0 Hz, 1H), 3.55 (s, 1H), 1.72 (s, 3H),
1.03 (s, 9H); °C NMR (126 MHz, CDCl;) & 185.7, 159.5, 154.0, 137.2, 129.5, 129.1,
128.6, 128.2, 126.2, 57.4, 56.6, 28.0, 22.3; IR (NaCl/thin film): 3434, 3151, 2986, 2958,
2930, 2868, 1660, 1626, 1570, 1472, 1457, 1364, 1290, 1274, 1147, 1114, 1040, 893,
813, 763, 705 cm’'; HRMS (ES+) calc’d for C17H,2NO,S [M+H]" 304.1366, found
304.1358; [a]p> —134.2 (¢ 0.81, CH,CL).

Preparation of dienone 99.

R\ B o\\
S— NH;Me /\/Sn us IS —NH.&Me
£Bu Br PACI,(PPhy), +Bu &
PhMe, 100 °C
97e o (84% yield) 99

Sulfinamide 97e (48 mg, 0.16 mmol), PdCIy(PPhs), (5.5 mg, 7.8 umol), and
allyltributyltin (62 mg, 0.19 mmol) were dissolved in PhMe (1 mL), and the resulting
solution was heated to 100°C for 3 hours. The reaction mixture was cooled to room

temperature, filtered through a plug of silica gel, and rinsed with EtOAc (15 mL). The
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resulting solution was concentrated in vacuo and the crude residue was purified by flash
chromatography (20—70% EtOAc/CH,Cl,) to afford dienone 99 (35.1 mg, 0.131 mmol,
84% yield) as a white solid. '"H NMR (500 MHz, CDCl3) & 6.96 (d, J = 10.0 Hz, 1H),
6.22 (dd, J= 9.8, 2.0 Hz, 1H), 6.19 (app. q, J = 1.6 Hz, 1H), 5.75 (m, 1H), 5.20 (dq, J =
10.0, 1.2 Hz, 1H), 5.14 (dg, J = 17.0, 1.5 Hz, 1H), 3.55 (s, 1H), 3.15 (dddd, J = 17.3, 6.3,
2.8, 1.4 Hz, 1H), 2.99 (dddd, J = 17.3, 7.3, 2.3, 1.3 Hz, 1H), 1.48 (s, 3H), 1.20 (s, 9H).
BC NMR (126 MHz, CDCl;) & 185.5, 160.5, 153.6, 133.5, 128.4, 126.7, 118.9, 57.2,
56.4, 34.7, 26.3, 22.5; IR (NaCl/thin film): 3128, 2983, 2964, 2928, 2870, 1672, 1635,
1460, 1419, 1388, 1363, 1285, 1270, 1157, 1064, 1043, 916, 892, 810 cm™'; HRMS
(ES+) calc’d for C4H,NO,S [M+H]" 268.1366, found 268.1376. [a]p® —82.7 (¢ 0.70,
CH,Cl).

Preparation of trienone S3.

O, (o]
N\ P \
bt e S
B 5(dba); ~
#Bu Br P(#-Bu)s, CSF tBu X
—_— >
1,4-dioxane, 40 °C
97n o (93% yield) S3 o

Sulfinamide 97n (100 mg, 0.30 mmol), Pd,(dba); (4.1 mg, 0.0045 mmol), P(¢-Bu);
(3.7 mg, 0.018 mmol), CsF (101 mg, 0.66 mmol), and vinyltributylstannane (93uL, 0.32
mmol), and 1,4-dioxane (3.0 mL) were sequentially added to a Schlenk tube. The
solution was then stirred and degassed via 3 freeze-pump-thaw cycles, then heated to
40°C for 20 hours. The solution was cooled and filtered through a plug of silica, rinsed
with EtOAc (30 mL), and concentrated to afford a brown oil. Flash chromatography
(1—5% MeOH/CH,Cl,) afforded trienone S3 (78 mg, 0.28 mmol, 93% yield) as a bright
yellow oil. '"H NMR (500 MHz, CDCl3) § 6.89 (d, J = 10.1 Hz, 1H), 6.46 (d, J= 1.8 Hz),
6.42 (ddd, /=174, 11.0, 0.6 Hz, 1H), 6.23 (dd, J=10.1, 2.0 Hz, 1H), 5.79 (dd, J = 17.5,
1.0 Hz, 1H), 5.40 (dd, /= 11.0, 1.0 Hz, 1H), 5.45-5.35 (m, 1H), 5.08-5.00 (m, 2H), 3.88
(s, 1H), 2.55-2.43 (m, 2H), 1.11 (s, 9H); >C NMR (126 MHz, CDCls) § 185.9, 155.3,
151.8, 132.1, 129.5, 127.9, 125.7, 121.1, 120.8, 59.0, 56.5, 43.5, 22.5; IR (NaCl/thin
film): 3197, 2980, 2960, 2234, 1663, 1624, 1474, 1420, 1390, 1364, 1295, 1192, 1175,
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1154, 1057, 992, 9224, 895, 818, 734 cm™'; HRMS (ES+) calc’d for C;sH»,NO,S [M+H]
280.1366, found 280.1376; [a]p> —247.5 (¢ 0.92, CH,CL).

Preparation of bicycle 100.

(o]
\
\S—NH \J \S—NH
4 S 4
t-Bu N Hoveyda-Grubbs II t-Bu
—_——
CH,Cl,, 23 °C
0 (75% yield) 100 0

s3
To a solution of trienone S3 (18 mg, 0.065 mmol) in CH,Cl, (0.75 mL) was added
Hoveyda-Grubbs II catalyst (2.6 mg, 4.6 wmol). The solution was stirred at 23°C for 3
hours, then concentrated and purified by flash chromatography (1—=5% MeOH/CH,Cl,)
to afford bicycle 100 (14 mg, 0.058 mmol, 88% yield) as a white crystalline solid. 'H
NMR (500 MHz, CDCls) & 7.08 (dd, J = 9.8, 0.7 Hz, 1H), 6.58 (dt, J = 5.2 Hz, 2.6 Hz,
1H), 6.47 (dt, J = 5.8, 2.0 Hz, 1H), 6.25 (dd, J = 9.8, 1.7 Hz, 1H), 6.13 (d, J = 1.5 Hz,
1H), 3.43 (s, 1H), 2.77 (t, J = 2.2 Hz, 2H), 1.12 (s, 9H); >C NMR (126 MHz, CDCl;) &
186.3, 166.7, 145.5, 143.7, 130.9, 130.6, 120.2, 61.7, 56.4, 43.4, 22.3; IR (NaCl/thin
film): 3152, 2979, 2918, 2866, 1726, 1653, 1634, 1597, 1561, 1474, 1457, 1379, 1362,
1289, 1190, 1050, 1037, 929, 891, 865, 811, 740 cm'; HRMS (ES+) calc’d for
C13H7NO,S [M+H]"252.1058, found 252.1061; [a]p> —80.4 (¢ 0.29, CH,CL,).

Preparation of dienone 101.

o)

\ J— \Y

)s—NH Ve =TMms )s—NH Me ™S
_ B PdCI,(PPh;),
tBu Br Cul, Et;N +Bu Z

—_—
THF, 23 °C
97e o (92% yield) 101 o0

A 10 mL flask was charged with sulfinamide 97e (50 mg, 0.16 mmol), PdCl,(PPhs),
(6.0 mg, 8 umol), Cul (3.0 mg, 16 umol), and THF (0.8 mL). Nitrogen was bubbled
through the resulting suspension for 20 minutes, then EtN (0.8 mL) and
ethynyltrimethylsilane (25 uL, 0.18 mmol) were added. The reaction mixture was
allowed to stir 1 hour at room temperature, then filtered through Celite, rinsed with

EtOAc, concentrated, and purified by flash chromatography (0—70% EtOAc/CH,Cl,) to
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provide dienone 101 (49 mg, 92% yield) as a pale yellow solid. '"H NMR (500 MHz,
CDCl3) & 7.01 (d, J = 10.1 Hz, 1H), 6.44 (d, J= 2.0 Hz, 1H), 6.28 (dd, J = 10.3, 2.0 Hz,
1H), 3.62 (s, 1H), 1.60 (s, 3H), 1.22 (s, 9H), 0.21 (s, 9H); *C NMR (126 MHz, CDCL;) &
184.7, 152.1, 143.7, 133.6, 127.5, 107.4, 100.8, 56.4, 56.3, 27.9, 22.4, —0.5; IR
(NaCl/thin film): 3139, 2960, 2253, 2149, 1662, 1623, 1586, 1364, 1251, 1105, 1043,
897, 843 c¢m’'; HRMS (ES+) calc’d for C¢HpsNO,SSi [M+H]" 324.1454, found
324.1463; [a]p> —191.8 (¢ 1.13, CH,CL).

Preparation of 3,4-dimethoxyphenethyl chloride (S5).
MeO OH  ceiCON, PPh, MeO cl
(93% yield)

To a solution of 3,4-dimethoxyphenethanol (S4) (4.72g, 25.9 mmol) in CH,Cl, (250
mL) at 0°C was added PPh; (13.6 g, 51.8 mmol). The solution was stirred for 10 minutes,
and CCI3CCN (3.89 mL, 38.9 mmol) was added dropwise via syringe over 5 minutes.
The solution was stirred at 0 °C for 10 min and then slowly warmed to room temperature.
After stirring for an additional 45 minutes, the reaction mixture was concentrated and
purified by flash chromatography (5—20% EtOAc/Hexanes) to afford chloride S5 (4.82
g, 24.0 mmol, 93 % yield) as a clear colorless oil. '"H NMR (500 MHz, CDCls) & 6.81 (d,
J=28.30 Hz, 1H), 6.76 (dd, J = 8.1, 2.0 Hz, 1H), 6.73 (d, J = 2.0 Hz, 1H), 3.87 (s, 3H),
3.86 (s, 3H), 3.68 (t, J = 7.5 Hz, 2H), 3.00 (t, J = 7.5 Hz, 2H); °C NMR (126 MHz,
CDCly) 6 148.9, 147.9, 130.6, 120.7, 112.0, 111.2, 55.8, 55.8, 45.1, 38.7; IR (NaCl/thin
film): 3000, 2956, 2909, 2867, 2934, 1607, 1591, 1516, 1464, 1418, 1325, 1260, 1232,
1191, 1146, 1027, 914, 854, 809, 767 cm™'; HRMS (ES+) calc’d for C1oH;30.Cl [M+H]"
200.0604, found 200.0591.

Preparation of 2-bromo-3,4-dimethoxyphenethyl chloride (S6).

MeO cl Br MeO cl
I R
]@/\/ RO 00 j@\/\/
MeO S5 MeO Br

(quantitative yield) S6
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To a solution of chloride S5 (4.82 g, 24.0 mmol) in CH,Cl, (240 mL) at 0°C was
added bromine (1.25 mL, 24.2 mmol) dropwise via syringe. (Caution! A copious amount
of HBr gas is generated as the reaction proceeds. A needle was pierced through the septa
to allow the reaction to vent). The solution was stirred at 0°C for 10 minutes, warmed to
room temperature, and stirred for another 20 minutes. The reaction mixture was quenched
with saturated aqueous Na,S,03 (50 mL) and washed with saturated NaHCO; (3 x 100
mL). The combined aqueous layers were extracted with CH,Cl, (50 mL), and the
combined organic layers were dried over Na,SO4, concentrated, and purified by flash
chromatography (5—20% EtOAc/Hexanes) to afford bromide S6 (6.70 g, 24.0 mmol,
quantitative yield) as white needles. 'H NMR (500 MHz, CDCls) & 7.01 (s, 1H), 6.77 (s,
1H), 3.87 (s, 3H), 3.86 (s, 3H), 3.71, (t, J = 7.3 Hz, 2H), 3.12 (t, J = 7.3 Hz, 2H); °C
NMR (126 MHz, CDCl;) 6 148.6, 148.3, 129.2, 115.6, 114.2, 113.9, 56.2, 56.1, 43.5,
39.1; IR (NaCl/thin film): 3009, 2955, 2940, 2906, 2836, 1602, 1576, 1510, 1469, 1461,
1451, 1435, 1382, 1344, 1266, 1254, 1217, 1166, 1033, 959, 856, 834, 865, 834, 802, 759
cm’'; HRMS (ES+) calc’d for CoH,0,C1* ' Br [M+H]"279.9689, found 279.9691.

Preparation of sulfinamide 104.

MeO. o]
t-BuLi, Et,0, -78 °C; g
MeO. cl then 96¢, 78 to 23 °C; b, N7 t-Bu
Ij\/\/ then 0.1N HCI MeO > Br
-
_
MeO Br

S6 (74% yield,
>98:2yd.r.) 104 o

To a solution of aryl bromide S6 (506 mg, 1.8 mmol) in Et,O (18 mL) at —78°C was
added a solution of #-BuLi (1.6 M in pentane, 1.31 mL, 2.1 mmol) dropwise via syringe,
and the resulting mixture was stirred 2 hours at =78 °C. A solution of sulfinimine 96¢
(495 mg, 1.5 mmol) in Et,O (3 mL) was added over 5 minutes. The reaction mixture was
stirred 1 hour at —78°C, then allowed to warm to room temperature and stirred for an
additional hour. The reaction was quenched by the slow addition of aqueous HCI (0.1 N)
and stirred for 30 minutes. The biphasic mixture was diluted with EtOAc (60 mL) and
washed with saturated aqueous NaHCOs (3 x 20 mL). The combined aqueous layers were
back extracted with EtOAc (1 x 25 mL), and the combined organic layers were dried over

Na,SO; and concentrated to give a light brown oil. The diastereoselectivity was
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determined by LC/MS: >98:2 d.r. (5—95% MeCN/H,0, t = 0—10 min, 1 mL/min. Minor
diastereomer: tg = 3.7 min, major diastereomer: tg = 4.0 min). Flash chromatography
(10—30% EtOAc/CH,Cl,) afforded tricyclic dienone 104 (491 mg, 1.08 mmol, 74%
yield) as an off-white solid. '"H NMR (500 MHz, CDCl;) & 7.30 (d, J= 9.8Hz, 1H), 6.77
(d, J=1.5Hz, 1H), 6.63 (s, 1H), 6.42 (dd, J=9.8, 1.5 Hz, 1H), 6.32 (s, 1H), 3.86 (s, 3H),
3.72 (s, 3H), 3.52 (dt, J=13.2, 4.4 Hz, 1H), 3.33 (ddd, J =13.2, 9.8, 2.9 Hz, 1H), 3.03
(ddd, J =15.4, 10.0, 3.9 Hz, 1H), 2.79 (dt, J = 15.4, 3.8 Hz, 1H), 1.30 (s, 9H); °C NMR
(126 MHz, CDCls) 6 183.7, 153.0, 149.6, 149.1, 148.3, 133.5, 128.5, 126.0, 122.7, 111.5,
109.1, 66.7, 59.2, 56.1, 55.8, 38.5, 29.0, 24.4; IR (NaCl/thin film): 2958, 2925, 2855,
1669, 1644, 1594, 1516, 1436, 1363, 1298, 1262, 1230, 1199, 1126, 1076, 1022, 954,
915, 796, 731 cm™'; HRMS (EI+) calc’d for Co0H,4BrNO4S [M+H]™ 454.0682, found
454.0697; [a]p® =17.3 (¢ 0.39, CH,CL).

Preparation of trienone 106.

OEt 105

MeO. (o] MeO. (o]
m g g/SnBus m g
) e n, N7 B
MeO N B tBY Paydba), AsPh;  meo TN
| ] DMF, 100°C
OEt
104 (85% yield) 106

o Z:E=5.4:1 o

To a solution of dienone 104 (238 mg, 0.52 mmol) in DMF (10 mL) was added
Pd,(dba); (14 mg, 0.016 mmol), AsPh; (19 mg, 0.063 mmol) and stannane 105 (164 mg,
0.63 mmol). N, was then bubbled through the solution for 30 minutes, and the reaction
was then stirred at 100°C for 1 hour. Upon cooling to room temperature, the reaction
mixture was passed through a plug of Celite, rinsed and diluted with Et,O (40 mL), and
washed with H;O (3 x 50 mL). The combined organic layers were dried over MgSOQOs,
concentrated, and purified by flash chromatography (35—100% EtOAc/Hexanes) to
afford trienone 106 (~5.4:1 mixture of Z:E-isomers by 'H NMR) as a tan solid (199 mg,
0.446 mmol, 85% yield). Z-106: '"H NMR (500 MHz, CDCl3) & 7.14 (d, J = 10.0 Hz, 1H),
7.13 (d, J=2.0 Hz, 1H), 6.59 (s, 1H), 6.36 (dd, J = 10.0, 2.0 Hz, 1H), 6.34 (s, 1H), 6.28
(d, J=7.3 Hz, 1H), 4.46 (d, J = 7.1 Hz, 1H), 3.97-3.90 (m, 2H), 3.84 (s, 3H), 3.67 (s,
3H), 3.49 (ddd, J = 13.1, 4.3, 3.4 Hz, 1H), 3.17 (ddd, J = 13.1, 11.3, 2.8 Hz, 1H), 3.05
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(ddd, J=15.5,11.2, 4.0 Hz, 1H), 2.81 (dt, J=15.5, 3.0 Hz, 1H), 1.28 (t, /= 7.1 Hz, 3H),
1.19 (s, 9H); >C NMR (126 MHz, CDCl3) & 187.4, 155.4, 153.3, 148.5, 148.1, 147.3,
127.6, 127.2, 126.8, 125.0, 111.3, 109.9, 102.8, 70.4, 63.9, 58.4, 56.0, 55.8, 38.1, 29.0,
24.1, 15.4. IR (NaCl/thin film): 2979, 2959, 2932, 1658, 1625, 1574, 1516, 1464, 1360,
1262, 1249, 1124, 1072, 1038, 1021, 893, 795 cm’'; HRMS (ES+) calc’d for
C24H3,NOsS [M+H]" 446.1996, found 446.2006. E-106 gave the following diagnostic
resonances by "H NMR (500 MHz, CDCl;): 7.18 (d, J = 10.0 Hz, 1H), 6.89 (d, J = 13.0
Hz, 1H), 5.09 (d, J = 13.2 Hz).

Preparation of enamine 107.
MeO [o} MeO
)¢9} 0
MeO e \'t'B” HCI (20 equiv) MeO N7
THF, 0 °C, 2 min

107 0

To a solution of trienone 106 (50 mg, 0.11 mmol) in THF (2.2 mL) at 0 °C was added
a solution of HCI (2.0 M solution in Et;O, 1.1 mL, 2.2 mmol) dropwise by syringe. The
reaction was allowed to stir 2 min at 0 °C, then quenched by the addition of ag. NaOH
(10% w/w, 4 mL) and stirred for an additional 5 minutes. The mixture was diluted with
H,O (5 mL) and extracted with EtOAc (4 x 10 mL). The combined organic layers were
dried over Na,SOs, concentrated, and purified by flash chromatography (10—20%
EtOAc/ CH,Cl,) to afford enamine 107 (29 mg, 0.098 mmol, 88% yield) as a bright
orange solid. [a]*p —1307 (¢ 0.72, CH,CLy); "H NMR (500 MHz, CDCl3) & 7.02 (d, J =
9.8 Hz, 1H), 6.99 (d, J = 3.4 Hz, 1H), 6.85 (s, 1H), 6.53 (s, 1H), 6.06 (dd, /= 9.8 Hz, 2.0
Hz, 1H), 6.03 (d, J= 1.5 Hz, 1H), 5.62 (d, J = 3.4 Hz, 1H), 3.83 (s, 1H), 3.78 (ddd, J =
14.2 Hz, 6.8 Hz, 1.0 Hz, 1H), 3.74 (s, 1H), 3.56 (ddd, J = 14.2 Hz, 12.7 Hz, 4.4 Hz, 1H),
2.93 (ddd, J= 16.9 Hz, 12.5 Hz, 6.4 Hz, 1H), 2.75 (dd, 16.4 Hz, 4.2 Hz, 1H); °C NMR
(126 MHz, CDCls) 6 186.5, 172.8, 152.9, 148.6, 148.0, 143.6, 127.8, 125.7, 124.6, 112.7,
111.4, 107.5, 105.2, 71.3, 55.9, 55.8, 42.1, 28.5; IR (NaCl/thin film): 2992, 2955, 2936,
2835, 1636, 1605, 1571, 1523, 1513, 1455, 1450, 1442, 1402, 1356, 1333, 1256, 1218,
1204, 1190, 1166, 1140, 1111, 1081, 1068, 1039, 1001, 895, 852, 784, 731 cm™'; HRMS
(ES+) calc’d for C1gH sNOs [M+H]" 296.1281, found 296.1272.
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Preparation of (-)-3-demethoxyerythratidinone (108).

MeOm MeO

H
n, WN 2 m
MeO > Pd/CaCO43 MeO >

I
— 70
Q:I EtOH, 23 °C
107 108

0 0

To a solution of enamine 107 (20 mg, 0.068 mmol, 1.0 equiv) in EtOH (3.3 mL) was
added Pd on CaCOs (14 mg, 5 wt %, 7.0 umol, 0.1 equiv). The solution was placed under
an atmosphere of H, and was stirred 3 hours at room temperature. The reaction was
filtered through a plug of Celite, rinsed with EtOAc, concentrated, and purified by flash
chromatography (0—20% acetone/CH,Cl,) to afford (—)-3-demethoxyerythratidinone
(108) as a pale yellow oil (13 mg, 0.043 mmol, 65% yield). [a]*p —296.5 (¢ 0.57,
CHCl;); "H NMR (500 MHz, CDCl3) § 6.65 (s, 1H), 6.56 (s, 1H), 6.11 (app. s, 1H), 3.86
(s, 3H), 3.75 (s, 3H), 3.49 (ddd, J = 14.4, 11.7, 6.6 Hz, 1H), 3.24 (dd, J = 14.4 Hz, 7.6
Hz, 1H), 3.12-3.00 (m, 2H), 2.86 (q, J= 7.7 Hz, 1H), 2.77-2.68 (m, 1H), 2.62-2.50 (m,
3H), 2.46 (dd, J = 18.3, 4.2 Hz, 1H), 2.31 (ddd, J = 12.5, 5.6, 2.0 Hz, 1H), 2.24 — 2.15
(m, 1H); C NMR (126 MHz, CDCl3) & 199.5, 169.2, 148.3, 146.8, 125.7, 124.8, 123 .4,
112.8, 110.3, 63.5, 56.0, 55.9, 45.7, 40.1, 36.1, 32.8, 28.7, 21.4; IR (NaCl/thin film):
2928, 2848, 1667, 1509, 1464, 1329, 1253, 1229, 1205, 1165, 1106 cm™'; HRMS (ES+)
calc’d for CisH, NOs [M+H]" 300.1600, found 300.1606.

Preparation of sulfinamide 113. T
" ERRre,

i 0
MeO 112 v
+Bu”S N \©\/\ . N-S.,
Q/Br MgBr dﬁ/sr t-Bu
OMe

-
THF, —78 °C; then Mel, \ 7/
HMPA; e
. e
MeO OMe then aq. AcOH

(77% yield,
9%6c 96:4d.r) 13

To a solution of sulfinimine 96¢ (2.96 g, 8.80 mmol, 1.0 equiv) in THF (17 mL) at —
78 °C was added a solution of Grignard reagent 112 (0.67M solution in THF, 14.3 mL,
9.6 mmol) dropwise by syringe. The solution was then stirred at —78 °C for one hour,
then Mel (1.6 mL, 26.1 mmol, 3.0 equiv) and hexamethylphosphoramide (HMPA) (4.5

mL, 26.1 mmol, 3.0 equiv) were sequentially added by syringe, and the solution stirred at
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—78 °C for ten minutes. The solution was then warmed to 23 °C and stirred for 2 hours,
then quenched by the addition of aqueous AcOH (10% v/v, 31 mL). After 3.5 hours, the
mixture was diluted with H,O (100 mL) and extracted with EtOAc (3 x 150 mL) and
washed with H,O (3 x 100 mL). The organic layers were then combined, washed with
saturated aqueous NaHCO; (150 mL), then brine (150 mL), dried over Na,SOs, filtered,
and concentrated in vacuo to afford a clear brown oil. The diastereoselectivity was
determined by LC/MS: 96:4 dr (5—95% MeCN/H;0, t = 0—-10 min, 1 mL/min. Major
diastereomer: tg = 4.2 min, minor diastereomer: tg = 4.8 min). Flash chromatography
(30% to 80% EtOAc in Hexanes) afforded sulfinamide 113 as a white crystalline solid
(3.18 g, 6.76 mmol, 77% yield). Recrystallization of 113 by vapor diffusion (CH,Cl, into
a solution of 113 in PhMe) afforded crystals suitable for single crystal X-ray diffraction.
Melting Point: 136-138 °C; [a]*p: +22.7 (¢ 0.85, CH,Cl,); "H NMR (500 MHz, CDCl;)
06.93 (d, J=1.7 Hz, 1H), 6.82 (d, /= 10.0 Hz, 1H), 6.78 (d, /= 8.0 Hz, 1H), 6.66 (dd, J
=6.1 Hz, 2.0 Hz, 2H), 6.62 (d, J = 2.0 Hz, 1H), 6.44 (dd, /J=9.8 Hz, 1.7 Hz, 1H), 3.85 (s,
3H), 3.84 (s, 3H), 2.81 (td, 12.3 Hz, 4.9 Hz, 1H), 2.47 (s, 3H), 2.39 — 2.24 (m, 2H), 1.84
(td, J = 12.5 Hz, 5.2 Hz, 1H), 1.22 (s, 9H); °C NMR (126 MHz, CDCl;) & 183.0, 150.7,
150.1, 148.9, 147.7, 136.4, 132.4, 129.6, 120.1, 111.7, 111.3, 68.7, 59.2, 55.9, 55.8, 38.2,
29.9, 26.7, 24.2; IR (NaCl/thin film): 3042, 2934, 2864, 2833, 1669, 1592, 1516, 1464,
1419, 1377, 1360, 1258, 1238, 1156, 1140, 1077, 1028, 951, 885, 819, 788; HRMS
(ES+) calc’d for C;;H29BrNO4S [M+H]"470.0995, found 470.1003.

Preparation of enol ether 115.

e EtO 105 SnB M
ey Ay e
>, grtBu  Pda(dba)g (5 mol %) B “t-Bu
AsPh; (20 mol %) N
—_—
DMF, 100 °C OEt
MeO OMe 0 113 (90% yield) MeO OMe o 115

To a solution of sulfinamide 113 (2.30 g, 4.89 mmol) in DMF (49 mL) was added
Pd,(dba); (224 mg, 0.245 mmol, 0.5 equiv), AsPhs (299 mg, 0.979 mmol, 0.20 equiv),
and stannane 105 (1.8 mL, 5.4 mmol, 1.1 equiv). The solution was degassed with N, for

30 minutes, then heated and stirred at 100 °C for 1 hour. Upon cooling to room
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temperature, the solution was passed through a plug of Celite, diluted with EtOAc (300
mL), and washed with H,O (3 x 150 mL). The aqueous layers were combined and back-
extracted with EtOAc (3 x 100 mL), and the combined organic layers dried over MgSQOy,
filtered, and concentrated in vacuo to afford brown oil. Flash chromatography (50% to
100% EtOAc in Hexanes) afforded 115 (>10:1 mixture of Z:E isomers by '"H NMR) as a
tan solid (2.02 g, 4.37 mmol, 91% yield). [a]p*’: =80 (¢ 1.07, CH,Cl,); '"H NMR (500
MHz, CDCls) & 7.16 (d, J = 1.8 Hz, 1H), 6.74 (d, J = 8.1 Hz, 1H), 6.54 (d, J = 2.0 Hz,
1H), 6.53 (d, J = 10.0 Hz, 1H), 6.35 (dd, J = 10.0 Hz, 2.0 Hz, 1H), 5.15 (d, J = 7.0 Hz,
1H), 4.05 (q, J = 7.0 Hz, 2H), 3.81 (s, 3H), 3.81 (s, 3H), 2.53 — 2. 42 (m, 1H), 2.42 (s,
3H), 2.32 — 2.26 (m, 2H), 1.88 — 1.80 (m, 1H), 1.32 (t, J = 7.1 Hz, 3H), 1.21 (s, 9H); °C
NMR (126 MHz, CDCl;) 6 186.6, 154.7, 153.5, 149.4, 148.7, 147.4, 133.3, 130.4, 128.7,
1199, 111.7, 111.2, 98.7, 70.8, 66.5, 58.8, 55.8, 55.7, 38.3, 29.9, 27.0, 24.4, 15.3; IR
(NaCl/thin film): 2958, 2934, 2835, 1660, 1623, 1575, 1516, 1464, 1455, 1303, 1261,
1238, 1180, 1156, 1238, 1180, 1156, 1141, 1099, 1055, 1030, 959, 935, 896, 804, 765,
735; HRMS (EI+) calc’d for C,5H3NO3S [M+H]" 462.2309, found 462.2320.

Preparation of enamine S7.

M
Me\ //0 e\N
- JN-S., , \
LB el (20 equiv)
OEt THF, 0 °C, 2 min
MeO OMe o 115 MeO OMe o

S7

To a solution of enol ether 115 (318.3 mg, 0.668 mmol) in THF (13 mL) at 0 °C was
added a solution of hydrochloric acid (2.0 M solution in Et,0O, 7.0 mL, 14 mmol)
dropwise by syringe over 1 minute. The reaction was allowed to stir 2 additional minutes
at 0 °C and then quenched by the addition of aqueous potassium hydroxide (10% w/v, 10
mL) and stirred an additional 10 minutes. The mixture was diluted with H,O (10 mL) and
extracted with EtOAc (3 x 20 mL). The organic layers were combined, dried over
NaySOq, filtered, and concentrated under reduced pressure to give a red foam that was
used immediately in the next step without further purification. A sample was purified by

flash chromatography (1% to 5% MeOH in CH,Cl,) for characterization purposes: [o(]p>:
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—1650 (c 0.41, CH,Cl,); "H NMR (500 MHz, CDCl3): 6.98 (dd, J = 9.9 Hz, 0.6 Hz, 1H),
6.89 (d, J=3.2 Hz, 1H), 6.73 (d, J = 8.3 Hz, 1H), 6.60 (dd, J = 8.2 Hz, 2.1 Hz, 1H), 6.56
(d, J=2.2 Hz, 1H), 6.16 (dd, J= 9.8 Hz, 1.7 Hz, 1H), 5.88 (d, J = 1.5 Hz, 1H), 5.47 (dd,
J=3.3,0.6 Hz, 1H), 3.83 (s, 3H), 3.81 (s, 3H), 3.04 (s, 3H), 2.41-2.30 (m, 2H), 2.08—
1.98 (m, 2H); °C NMR (126 MHz, CDCL): 184.7, 174.5, 153.4, 148.8, 147.4, 140.1,
1329, 131.1, 120.1, 111.7, 111.3, 109.8, 99.6, 72.6, 55.8, 55.8, 45.8, 31.5, 29.1. IR
(NaCl/thin film): 2934, 2834, 1631, 1592, 1568, 1515, 1465, 1313, 1260, 1237, 1156,
1108, 1089, 1050, 1028, 977, 884, 830, 766; HRMS (ES+) calc’d for [M+H]" 312.1594,
found 312.1585.

Preparation of dihydroindolone 109.

Me Me
N N\
N A . N
) NaBH,, AcOH p
—_—
MeOH
MeO OMe o (94% yield, 2 steps) MeO OMe o
S7 109

To a solution of crude enamine S7 (220 mg) in MeOH (14 mL) at 0 °C was added a
solution of NaBH4 (50 mg, 1.32 mmol) in AcOH (5 mL), dropwise by syringe. The
solution was stirred at 0 °C for 10 minutes before warming to 20 °C and stirring
continued for 1 hour. The reaction was cooled to 0 °C and quenched by the slow addition
of potassium hydroxide (30% w/v, 20 mL). The solution was diluted with HO (10 mL)
and extracted with EtOAc (3 x 20 mL). The organic layers were then combined, dried
over Na,SOs, filtered, concentrated under reduced pressure to afford an orange oil.
Purification by flash chromatography (2% to 4% MeOH in CH,Cl,) gave amine 109 as a
yellow oil (200 mg, 0.638 mmol, 96% yield over two steps). [a]p *: —40.6 (¢ 0.89,
CH,Cl,); 'H NMR (500 MHz, CDCl3) § 6.96 (d, J = 10.0 Hz, 1H), 6.75 (d, J = 8.2 Hz,
1H), 6.61 (dd, J = 8.2 Hz, 2.1 Hz, 1H), 6.57 (d, J = 2.0 Hz, 1H), 6.32 (dd, J = 10.0, 1.6
Hz, 1H), 6.18 (dt, J=2.3, 1.5 Hz, 1H), 3.84 (s, 3H), 3.82 (s, 3H), 3.16 (ddd, J = 10.5, 8.6,
4.2 Hz, 1H), 3.07-2.99 (m, 1H), 2.81-2.67 (m, 2H), 2.40 (s, 3H), 2.39-2.31 (m, 1H),
2.27-2.17 (m, 1H), 1.90-1.79 (m, 2H); *C NMR (126 MHz, CDCL;) & 186.6, 166.9,
148.8, 147.4, 145.9, 133.6, 130.2, 123.3, 119.8, 111.6, 111.3, 66.5, 55.9, 55.8, 51.6, 36.5,
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32.0, 29.6, 27.8; IR (NaCl/thin film): 2934, 2834, 2789, 1667, 1642, 1606, 1590, 1515,
1464, 1452, 1418, 1259, 1464, 1452, 1259, 1234, 1176, 1152, 1028, 890, 809, 764;
HRMS (EI+) calc’d for CjoHosNOs [M+H]" 314.1751, found 314.1748.

Preparation of propellane 118.

N
N
J TfOH
—_
CH,Cl,, 0 °C
97% yield
MeO OMeo ¢ yield)

To a solution of dihydroindolone 109 (370 mg, 1.18 mmol, 1.0 equiv) in CH,Cl, (24
mL) at 0 °C was added TfOH (0.522 mL, 5.90 mmol, 5.0 equiv) dropwise by syringe.

The solution was stirred for 5 minutes and quenched with saturated aqueous NaHCOs3 (50
mL). The mixture was then washed with additional aqueous NaHCO; (3 x 50 mL), and
the combined aqueous layers were back extracted with CH,Cl, (100 mL). The organic
layers were then combined, dried over Na,SOy, filtered, and concentrated under reduced
pressure to afford a tan foam. Flash chromatography (1% to 2% MeOH in CH,Cl,)
afforded propellane 118 as a white foam (360 mg, 1.15 mmol, 97% yield). [a]p *’: —243
(c 0.44, CH,Cl,); 'H NMR (500 MHz, CDCl3) § 6.84 (d, J = 10.4 Hz, 1H), 6.69 (s, 1H),
6.53 (s, 1H), 6.14 (dd, /= 10.4 Hz, 1.0 Hz, 1H), 3.84 (s, 3H), 3.83 (s, 3H), 2.98-2.84 (m,
2H), 2.91 (dd, J = 16.5 Hz, 1.1 Hz, 1H), 2.60-2.54 (m, 1H), 2.56 (d, J = 16.5 Hz, 1H),
2.47-2.40 (m, 1H), 2.45 (s, 3H), 2.32-2.22 (m, 1H), 2.07-1.97 (m, 2H), 1.82-1.71 (m,
1H); “C NMR (126 MHz, CDCl3) & 198.8, 150.3, 147.9, 147.1, 135.7, 129.9, 126.3,
111.1, 110.5, 63.1, 56.1, 55.8, 51.6, 49.5, 48.3, 36.2, 33.3, 25.1, 24.6; IR (NaCl/thin
film): 2929, 2851, 2832, 2790, 2252, 1681, 1610, 1515, 1464, 1452, 1356, 1255, 1207,
1140, 1068, 1035, 1010, 916, 886, 856, 730; HRMS (EI+) calc’d for C1oH,4NO; [M+H]"
314.1751, found 314.1748.
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Preparation of hemiaminal 121.

OMe

TBHP, Triton B;
then SiO,

THF

(76% yield)

To a solution of enone 118 (93.8 mg, 0.299 mmol, 1.0 equiv) in THF (3.0 mL) was
added tert-butylhydroperoxide (TBHP) (214 uL of a 70% aq. solution, 1.50 mmol, 5.0
equiv) and Triton B (110 uL of a 40% solution in methanol, 0.239 mmol, 0.8 equiv)
dropwise by syringe, and the solution stirred 17 hours at room temperature. The reaction
was then quenched by the addition of a solution of saturated aqueous Na,S,03; (7 mL)
and stirred for an additional 30 minutes. HO (15 mL) was added, the solution extracted
with CH,Cl, (3 x 20 mL). The organic layers combined, dried over Na,SQy, filtered, and
concentrated under reduced pressure to afford a clear oil. The oil was then redissolved in
CHCl, (2 mL), then loaded onto dry silica gel and allowed to sit for 2 hours. Flash
chromatography (60 to 100% EtOAc in hexanes) afforded hemiaminal 121 as a white
foam (75.0 mg, 0.228 mmol, 76% yield). [a]p>: =204 (c 0.65, CH,CLy); "H NMR (500
MHz, CDCls) 6 6.86 (s, 1H), 6.57 (s, 1H), 6.21 (s, 1H), 4.27 (br s, 1H), 3.85 (s, 3H), 3.85
(s, 3H), 3.02 (ddd, J=12.2, 5.3, 1.6 Hz, 1H), 2.94-2.81 (m, 2H), 2.67-2.57 (m, 2H), 2.46
(td, J =12.5, 3.7 Hz, 1H), 2.45 (d, J = 12.5 Hz, 1H), 2.28 (td, J =13.3, 5.3 Hz, 1H), 2.24
(s, 3H), 2.12 (dd, J = 12.5, 2.9 Hz, 1H), 1.70-1.64 (m, 1H); °C NMR (126 MHz, CDCl;)
o 194.5, 168.0, 148.2, 147.6, 132.2, 127.2, 124.8, 111.0, 108.5, 83.1, 55.9, 55.8, 49.2,
46.8, 43.5, 36.3, 35.9, 31.2, 29.8; IR (NaCl/thin film): 3468, 2933, 2848, 1666, 1619,
1517, 1465, 1354, 1259, 1228, 1187, 1124, 1089, 1006, 914, 870, 789, 729; HRMS (EI+)
calc’d for C19H2NO4 [M+H]" 330.1700, found 330.1713.
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Preparation of cepharatine D (123).

OMe

KHMDS, -78 °C;
then .".l/t-Bu
122
S
Ph”Cl

(60% yield)
cepharatine D (123)

To a solution of hemiaminal 121 (30 mg, 91 wmol, 1.0 equiv) in THF (1.8) mL at —
78 °C was added a solution of KHMDS in THF (0.21 mL of a 0.9 M solution in THF,
0.191 mmol, 2.1 equiv). The yellow solution was stirred at —78 °C for 10 minutes, then
warmed to 0 °C and stirred for 20 minutes. The solution was again cooled to —78 °C, and
a solution of 122 (27.6 mg, 0.128 mmol, 1.4 equiv) in THF (0.25 mL) was added
dropwise. After 50 minutes, the solution was quenched with saturated aqueous NH4CI (20
mL), warmed to room temperature, and extracted with EtOAc (3 x 20 mL). The organic
layers were then combined, dried over Na,SOy, filtered, and concentrated under reduced
pressure. Flash chromatography (1 to 2 % MeOH in CH,Cl,) afforded (-)-cepharatine D
(123) as a bright yellow foam (18.0 mg, 55.0 umol, 60% yield). [a]p> = —227 (c 0.51,
MeOH); 'H NMR (500 MHz, CDCl3) & 6.99 (s, 1H), 6.74 (d, J = 9.5 Hz, 1H), 6.72 (s,
1H), 6.32 (d, J = 9.3 Hz, 1H), 6.15 (s, 1H), 4.42 (br s, 1H), 3.90 (s, 3H), 3.89 (s, 3H),
2.87(ddd, J=12.6, 5.1, 1.6 Hz, 1H), 2.75 (d, /= 12.2 Hz, 1H), 2.62 (td, J = 12.7, 3.7 Hz,
1H), 2.31 (dd, 12.2, 2.9 Hz, 1H), 2.24 (s, 3H), 1.98 (td, J = 13.1, 5.1 Hz, 1H), 1.58 (m,
1H); “C NMR (126 MHz, CDCl3) & 193.4, 161.4, 150.3, 147.9, 135.9, 135.5, 124.2,
123.5, 123.2, 111.6, 107.6, 83.0, 56.1, 56.0, 46.8, 56.0, 46.8, 45.0, 43.7, 38.1, 36.0; 'H
NMR (500 MHz, CD;0D) & 7.07 (s, 1H), 6.90 (s, 1H), 6.84 (d, J= 9.3 Hz, 1H), 6.37 (d,
J=9.3 Hz, 1H), 6.10 (s, 1H), 3.91 (s, 3H), 3.84 (s, 3H), 2.82 (dd, J = 12.7, 4.9 Hz, 1H),
2.68 (d, J=12.2 Hz, 1H), 2.56 (td, J = 12.8, 3.5 Hz, 1H), 2.23 (d, J = 12.2, 2.8 Hz, 1H),
2.21 (s, 3H), 1.92 (td, J = 13.2, 5.1 Hz, 1H), 1.58 — 1.50 (m, 1H); °C NMR (126 MHz,
CDs;0D) 6 194.7, 162.7, 151.8, 149.6, 137.1, 136.9, 126.0, 125.4, 124.1, 113.5, 109.5,
84.7, 56.7, 56.6, 47.9, 46.4, 44.9, 39.0, 36.7; IR (NaCl/thin film): 3455, 2925, 2843,
1732, 1650, 1608, 1554, 1516, 1463, 1376, 1340, 1275, 1235, 1190, 1135, 1081, 877,
784; HRMS (EI+) calc’d for C1oHy NO4 [M+H]" 328.1543, found 330.1552.
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Comparison of Spectroscopic Data for Natural’> and Synthetic (-)-Cepharatine D
Y Y y Y

"H NMR Data (both spectra are referenced to 3.30 ppm)

Reported’ Synthetic
7.06 (s, 1H) 7.07 (s, 1H)
6.89 (s, 1H) 6.90 (s, 1H)
6.84 (d,J=9.2 Hz, 1H) 6.84 (d, J=9.3 Hz, 1H)
6.36 (d,J=9.2 Hz, 1H) 6.37 (d,J=9.3 Hz, 1H)
6.10 (s, 1H) 6.10 (s, 1H)
3.92 (s, 3H) 3.91 (s, 3H)
3.83 (s, 3H) 3.84 (s, 3H)
2.90 (m, 1H) 2.82 (dd,J =12.7,4.9 Hz, 1H)
2.67(d,J=12.0 Hz, 1H) 2.68 (d, J=12.2 Hz, 1H)
2.66 (m, 1H) 2.56 (td, J=12.8,3.5 Hz, 1H)
2.19 (m, 1H) 2.23(d,J=12.2,2.8 Hz, 1H)
2.18 (s, 3H) 2.21 (s, 3H)
2.02 (m, 1H) 1.92 (td, J=13.2, 5.1 Hz, 1H)
1.59 (m, 1H) 1.58 —1.50 (m, 1H)

3C NMR Comparsion Data (both spectra are referenced to 49.0 ppm)

Reported Synthetic
194.7 194.7
162.7 162.7
151.7 151.8
149.5 149.6
137.0 137.1
136.9 136.9
126.0 126.0
125.3 125.4
124.1 124.1
113.4 113.5
109.3 109.5
84.7 84.7
56.6 56.7
56.5 56.6
47.8 47.9
46.4 46.4
44.8 44.9
39.0 39.0
36.7 36.7

Optical Rotation™
Natural Synthetic

[a]p'”: =321 (¢ 1.01, MeOH) [a]p'”: =227 (¢ 0.51, MeOH)
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Chiral SFC Traces
Method Information: OD-H column, 20% IPA, 12.0 minutes.

rac-10:
DAD1 D, Sig=254,8 Ref=360,100 (KVC\JN 2011-05-15 17-50-10\RN4-230-RAC-0D20.D)

mAU
25
20
15
10
5
0 — P - _—
53 ""xuf’ -
6 ‘ 2‘ 4‘1 é !3 1‘0 min
()-10:
DAD1 D, Sig=254,8 Ref=360,100 (LMRVI\JTSY 2011-06-03 14-19-23\RN4-189-SINGLE-OD20.D)
mAU N ci’b
[loy 5
A
200 “ éérz;'
100 [ &
[ 2
0 [\ N
&
A0 s T
0 2 4 6 8 10 min
Peak RetTime Type Width Area Height Area
# [min] [min] [mMAU*s] [mAU] %
=== == [—===|=-====== | —==——==——- [=======—= [======== |
1 8.318 MM 0.3103 7861.95264 422.33008 98.5069
2 9.778 MM 0.3079 119.16633 6.45073 1.4931
Totals : 7981.11897 428.78081

Preparation of epoxyketone 120.

TBHP, Triton B
THF

(76% yield)

To a solution of enone 118 (62.6 mg, 0.200 mmol, 1.0 equiv) in THF (2.0 mL) was
added TBHP (143 uL of a 70% aq. solution, 1.0 mmol, 3.0 equiv) and Triton B (73 uL of
a 40% solution in methanol, 0.16 ummol, 0.8 equiv) dropwise by syringe, and the
solution stirred 17 hours at room temperature. The reaction was quenched by the addition
of saturated aqueous Na,S,0; (6 mL) and stirred an additional 30 minutes. H,O (15 mL)
was then added, the solution extracted with CH,Cl, (3 x 20 mL), and the organic layers
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combined, dried over Na,SOy, filtered, and concentrated under reduced pressure to afford
a clear oil. Flash chromatography (30 to 50% EtOAc in hexanes) on Florisil afforded
epoxyketone 120 as a white foam (40.0 mg, 0.075 mmol, 61% yield). [a]p *>: +30 (c
0.70, CH,Cl,); '"H NMR (500 MHz, CDCl3) & 6.58 (s, 1H), 6.52 (s, 1H), 3.84 (s, 2H),
3.82 (s, 2H), 3.49 (d, /= 3.9 Hz, 1H), 3.32 (dd, J= 3.8, 1.0 Hz, 1H), 2.95 (d, /= 14.0 Hz,
1H), 2.77 (m, 3H), 2.63 (dt, J = 16.0, 3.9 Hz, 1H), 2.56 (s, 3H), 2.50 (dd, J = 14.0, 1.0
Hz, 1H), 2.21-2.16 (m, 2H), 2.10 (ddd, J = 13.2, 8.0, 5.3 Hz, 1H), 2.01-1.94 (m, 1H); "°C
NMR (126 MHz, CDCls) 6 207.1, 147.8, 147.2, 134.5, 127.4, 110.7, 110.1, 60.5, 60.4,
56.0, 56.0, 55.7, 52.5, 51.4, 45.8, 37.2, 33.3, 24.9, 24.33; IR (NaCl/thin film): 2934,
2833, 2792, 1716, 1610, 1516, 1464, 1454, 1358, 1330, 1256, 1202, 1142, 1070, 1005,
973, 873, 853, 801, 733; HRMS (EI+) calc’d for C19H»NO, [M+H]" 330.1700, found
330.1710.

Preparation of 8-Demethoxyrunanine (2).

n-Bu,;NOMe
THF

(68% yield)

OMe
8-demethoxyrunanine (2)

To epoxyketone 120 (40.8 mg, 0.124 mmol, 1.0 equiv) was added a freshly prepared
solution of n-BusNOMe** (2.5 mL of a 0.5 M solution in THF, 1.2 mmol, 10 equiv) by
syringe and the solution was then heated to 50 °C for 11 hours. The reaction was then
cooled, diluted with brine (10 mL), and extracted with CH,Cl, (3 x 10 mL). The organic
layers were then combined, dried over Na,SO,, filtered, and concentrated in vacuo to
isolate a brown oil that was purified by flash chromatography (SiO, deactivated with
0.5% Et:;N, 40 to 80% EtOAc in Hexanes) to isolate synthetic (—)-8-demethoxyrunanine
(2) as a white foam (29.1 mg, 84.8 mmol, 68% yield). [a]p"": —185 (¢ 0.51, CHCL3); 'H
NMR (500 MHz, CDCls) & 6.67 (s, 1H), 6.52 (s, 1H), 5.64 (s, 1H), 3.84 (s, 3H), 3.83 (s,
3H), 3.65 (s, 3H), 3.04 (d, /= 16.6 Hz, 1H), 2.92 (td, /= 9.3, 3.7 Hz, 1H), 2.87 (ddd, J =
15.9,12.8, 4.9 Hz), 2.66 (d, J=16.4 Hz, 1H), 2.55 (ddd, /= 15.9, 5.0, 2.8 Hz, 1H), 2.44—
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2.37 (m, 1H), 2.42 (s, 3H), 2.26 (ddd, J = 13.3, 9.6, 6.2 Hz, 1H), 2.09-1.99 (m, 2H), 1.80
(ddd, J = 13.9, 12.8, 5.1 Hz, 1H); °C NMR (126 MHz, CDCl;) & 193.2, 151.2, 147.9,
147.1, 135.3, 126.4, 114.7, 111.1, 110.6, 63.7, 56.0, 55.8, 55.0, 51.5, 49.6, 48.1, 36.4,
33.5, 26.7, 25.0; IR (NaCl/thin film): 2926, 2848, 2832, 2787, 1693, 1624, 1515, 1463,
1451, 1376, 1356, 1282, 1257, 1217, 1205, 1156, 1136, 1114, 1095, 1066, 1051, 1013,
962, 883, 858, 800, 731, 665 cm™'; HRMS (EI+) calc’d for C20H,eNO4 [M+H]" 344.1856,
found 344.1863.
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Comparison of Spectroscopic Data for Natural'> and Synthetic 8-

demethoxyrunanine

'"H NMR Comparison Data
Reported
6.65 (s, 1H)
6.51 (s, 1H)
5.63 (s, 1H)
3.82 (s, 3H)
3.81 (s, 3H)
3.63 (s, 3H)
3.04 (d,J=16.4 Hz, 1H)
2.84 (m, 1H)
2.84 (m, 1H)

2.65(d, J=16.4 Hz, 1H)
2.55(ddd, J=16.0, 4.8, 2.8 Hz, 1H)
2.41 (s, 3H)

2.39 (m, 1H)

2.25 (m, 1H)

2.05 (m, 1H)

2.01 (ddd, J=14.0, 4.8, 2.8 Hz, 1H)
1.79 (ddd, J = 14.0, 13.2, 4.8 Hz, 1H)

3C NMR Comparison Data
Reported
193.2
151.1
147.8
147.0
135.2
126.3
114.6
111.0
110.4
63.7
56.0
55.7
54.9
514
49.5
48.0
36.3
334
26.6
24.8

Optical Rotation
Natural
[a]p 2 =244 (¢ 0.48, CHCL;)

Synthetic
6.67 (s, 1H)
6.52 (s, 1H)
5.64 (s, 1H)
3.84 (s, 3H)
3.83 (s, 3H)
3.65 (s, 3H)

3.04 (d,J=16.6 Hz, 1H)

2.92 (td, J=9.3,3.7 Hz, 1H)
2.87 (ddd, J=15.9, 12.8, 4.9 Hz)
2.66 (d, J=16.4 Hz, 1H)
2.55(ddd, J=15.9, 5.0, 2.8 Hz, 1H)
2.42 (s, 3H)

2.44 - 2.37 (m, 1H)

2.26 (ddd, J=13.3,9.6, 6.2 Hz, 1H)
2.09 - 1.99 (m, 2H)

1.80 (ddd, J = 13.9, 12.8, 5.1 Hz, 1H)

Synthetic
193.2
151.2
147.9
147.0
135.3
126.4
114.7
111.1
110.6
63.8
56.1
55.8
55.1
51.5
49.7
48.1
36.4
335
26.7
25.0

Synthetic
[a]p % —185 (¢ 0.51, CHCls)

72
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Chiral SFC Traces:
Method Information:AD column, 35% IPA, 8.0 minutes.
rac-1:

DAD1 D, Sig=254,8 Ref=360,100 (MEK1\AHC 2011-05-31 12-39-54\KVC9-191-RAC.D)

mAU NS 1) v
NS & © 9
10 [N %q‘.b Ky o
[ A A7 A
| \a / \ &
0 | ¥

> o o ) ‘ \ \

o e~~~ — N — - 4 0~ - |
=304, ‘\/ ‘ | | | | | |
0 1 2 3 4 5 6 7 min
bAD1 D, Sig=254,8 Ref=360,100 (JN27\JN 2011-05-13 17i58—54\KVC9—NP—SINGLEADSS.D)
AU &
m E 5/\\‘20‘2)
125
1004
75
50
25
0- - — — —
I T T I T T T
0 1 2 6 7 min
Signal 2: DAD1 D, Sig=254,8 Ref=360,100
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %

e R |-=mmmmmm - | === R |
1 3.664 BB 0.2798 3058.54810 166.89442 99.4052
2 5.137 MM 0.2913 18.29991 1.04703 0.5948

Totals : 3076.84801 167.94145

Preparation of sulfinamide 114.

a OTMSE Me o
MeO. 112 Vool
AN S . ,N—S,
t-Bu N | . N
_ — s Br’t-Bu
Br MgBr
THF, 78 °C; then Mel, = \ ¢
HMPA;
then aq. AcOH MeO /0 o
MeO OMe TMSE
96¢ (75% yield, 114

94:6 d.r.)

To a solution of bromosulfinimine 96¢ (2.49 g, 7.42 mmol) in THF (15 mL) at —78 °C
was added a solution of Grignard reagent 112°° (0.51M solution in THF, 16.0 mL, 8.16
mmol) dropwise by syringe. The solution was then stirred at —78 °C for one hour, then
Mel (1.4 mL, 22 mmol) and HMPA (3.9 mL, 22 mmol) sequentially added dropwise by

syringe, and the solution stirred at —78 °C for 10 minutes. The solution was then warmed
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to 23 °C and stirred for an additional 2 hours, then quenched by the addition of aqueous
AcOH (10% v/v, 30 mL). After 3.5 hours, the mixture was diluted with EtOAc (150 mL),
washed with H,O (3 x 100 mL), and the aqueous layers combined and back extracted
with EtOAc (3 x 100 mL). The ethereal layers were then combined, dried over MgSOQOs,
filtered, and concentrated under reduced pressure to afford a brown oil. The
diastereoselectivity was determined by LC/MS: 96:4 d.r. (5—95% MeCN/H,0, t = 0-10
min, 1 mL/min. Major diastereomer: tg = 6.7 min, minor diastereomer: tg = 7.2 min).
Flash chromatography (20% to 50% EtOAc in Hexanes) afforded sulfinamide 114 as a
white solid foam (3.09 g, 5.55 mmol, 75% yield). [a]p *>: +16.9 (¢ 0.92, CH,Cl,); 'H
NMR (500 MHz, CDCls): 6 6.92 (d, J= 1.8 Hz, 1H), 6.81 (d, /= 10.0 Hz, 1H), 6.77 (d, J
= 8.2 Hz, 1H), 6.64 (dd, J= 8.1, 2.0 Hz, 1H), 6.59 (d, J = 2.0 Hz, 1H), 6.43 (dd, J = 10.0,
1.8 Hz, 1H), 4.12-4.04 (m, 2H), 3.81 (s, 3H), 2.80 (td, J = 12.3, 5.0 Hz, 1H), 2.46 (s,
3H), 2.38-2.22 (m, 2H), 1.84 (td, /= 12.4, 5.2 Hz, 1H), 1.21 (s, 9H), 1.21-1.16 (m, 2H),
0.07 (s, 9H); °C NMR (126 MHz, CDCls): & 183.1, 150.7, 150.1, 148.3, 148.2, 136.4,
132.2, 129.6, 120.0, 113.4, 111.7, 68.8, 66.3, 59.2, 55.9, 38.2, 29.8, 26.7, 24.2, 17.8, —
1.4; IR (NaCl/thin film): 3045, 2951, 2900, 2866, 2834, 1670, 1640, 1592, 1515, 1463,
1455, 1442, 1425, 1360, 1292, 1253, 1236, 1156, 1137, 1079, 1055, 1032, 950, 886, 859,
839, 786; HRMS (EI+) calc’d for C,sH3sBrNO,SSi [M+Na]" 578.1366, found 578.1555.

Preparation of enol ether 116.

105

Me (o] EtO SnBuj Me (o]

- — N-¢/

%, gitBu  Pdx(dba)s (5 mol %) >, "By
AsPh3 (20 mol %) AN
—_—
DMF, 100 °C OEt
MeO ] (88% yield) MeO o]
/ 0 / (o]
TMSE 14 TMSE 116

To a solution of sulfinamide 114 (1.28 g, 2.30 mmol) in DMF (19 mL) was added
Pd,(dba); (105 mg, 0.115 mmol), AsPh; (141 mg, 0.460 mmol), and stannane 105 (0.84
mL, 2.53 mmol). The solution was degassed with N, for 30 minutes, then heated and
stirred at 100 °C for 1 hour. Upon cooling to room temperature, the solution was passed
through a short plug of Celite, diluted with EtOAc (200 mL), and washed with H,O (3 x
100 mL). The aqueous layers were combined and back extracted with EtOAc (3 x 75
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mL), then the organic layers combined, washed with brine (250 mL), dried over Na,SOs,
filtered, and concentrated under reduced pressure to afford a light brown oil. Flash
chromatography (50% to 100% EtOAc in hexanes) afforded 116 (>10:1 mixture of Z:E-
isomers by "H NMR) as a tan solid (1.11 g, 88% yield). [a]p >: =66 (¢ 1.34, CH,CL,); 'H
NMR (500 MHz, CDCls): 6 7.19 (d, J = 2.0 Hz, 1H), 6.76 (d, J = 8.3 Hz, 1H), 6.61 (d, J
= 7.1 Hz, 1H), 6.59 (dd, J = 8.1, 2.0 Hz, 1H), 6.55 (d, J = 10.0 Hz, 1H), 6.55 (d, J = 2.2
Hz, 1H), 6.38 (dd, J = 10.0, 2.0 Hz, 1H), 5.17 (d, J = 7.3 Hz, 1H), 4.09-4.02 (m, 4H),
3.81 (s, 3H), 2.51 (ddd, J = 12.7, 10.3, 7.1 Hz, 1H), 2.45 (s, 3H), 2.33-2.26 (m, 2H),
1.90-1.80 (m, 1H), 1.35 (t, J = 7.08 Hz, 3H), 1.24 (s, 9H), 1.21-1.16 (m, 2H), 0.07 (s,
9H); >C NMR (126 MHz, CDCL): & 186.7, 154.8, 153.6, 149.5, 148.2, 148.0, 133.2,
130.5, 128.8, 119.9, 113.5, 111.6, 98.8, 70.7, 66.6, 66.3, 58.9, 55.9, 38.3, 29.9, 27.1, 24.4,
17.8, 15.4, —1.4; IR (NaCl/thin film): 2952, 2899, 2834, 1661, 1623, 1576, 1515, 1453,
1384, 1302, 1258, 1157, 1137, 1099, 1055, 957, 896, 859, 839, 803, 767 cm™'; HRMS
(EI+) calc’d for CooH4sNOsSSi [M+H]" 547.2860, found 548.2850.

Preparation of Enamine S8.

M
Me‘ //0 e\N
= NS, 2\
= L AATBY Hel (20 equiv) =
—_—
N\ / Ogt  THF0°C,15min N\ 7/
MeO (o] MeO [o]
~ 0
Tmse O 116 TMSE
S8

To a solution of enol ether 116 (702 mg, 1.28 mmol) in THF (12.8 mL) at 0 °C was
added a solution of HCI (2.0 M solution in Et,O, 12.8 mL, 25.6 mmol) dropwise by
syringe over 1 minute. The reaction was allowed to stir 15 minutes at 0 °C and then
quenched by the addition of aqueous KOH (10% w/v, 13 mL), and stirred for an
additional 5 minutes. The mixture was then diluted with H,O (50 mL), and extracted with
EtOAc (3 x 50 mL). The organic layers were then combined, dried over Na,SOy, filtered,
and concentrated under reduced pressure to isolate a bright red foam. Column
chromatography (2% MeOH in CH,Cl,) afforded a red foam of adequate purity for the
next step. [a]p>: —1185 (¢ 0.22, CH,Cl,); 'H NMR (500 MHz, CDCLs): & 6.99 (dd, J =
9.7, 0.5 Hz, 1H), 6.89 (d, J=3.17 Hz, 1H), 6.74 (d, J = 8.3 Hz, 1H), 6.59 (d, /= 8.1, 2.2
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Hz, 1H), 6.55 (d, J = 2.0 Hz, 1H), 6.18 (dd, /= 9.9, 1.6 Hz, 1H), 5.91 (d, J = 1.5 Hz, 1H),
5.49 (dd, J = 3.3, 0.6 Hz, 1H), 4.08-4.04 (m, 2H), 3.81 (s, 3H), 3.05 (s, 1H), 2.42-2.31
(m, 2H), 2.11-1.99 (m, 2H), 1.19-1.16 (m, 2H), 0.08 (s, 9H); *C NMR (126 MHz,
CDCly): 5 184.8, 174.5, 153.3, 148.3, 148.0, 140.1, 132.8, 131.2, 120.0, 113.6, 111.7,
110.0, 99.7, 72.7, 66.4, 56.0, 45.7, 31.6, 29.1, 17.9, —1.4; IR (NaCl/thin film): 2951,
2916, 1631, 1569, 1514, 1424, 1248, 1157, 1137, 1108, 108, 1050, 1032, 859, 837, 649;
HRMS (EI+) cale’d for Co3H3NO;Si [M+H]" 398.2146, found 398.2149.

Preparation of dihydroindolone 117.

Me\ Me\
. N \ -, N
> NaBH,, AcOH p
—>
MeOH
MeO ,o (74% yield, 2 steps) MeO /0 0
TMSE TMSE
S8 117

To a solution of enamine S8 in MeOH (26 mL) at 23 °C was added a solution of
NaBH4 (97 mg, 2.56 mmol) in AcOH (9.8 mL), dropwise by syringe. The solution was
stirred at 20 °C for 1 hour, then a second portion of NaBH4 (97 mg, 2.56 mmol) in AcOH
(9.8 mL) was added and stirring was continued for an additional hour. The reaction was
cooled to 0 °C in an ice/water bath and neutralized by the slow addition of aqueous KOH
(30% w/v, 65 mL). The solution was then diluted with H,O (50 mL) and extracted with
EtOAc (3 x 100 mL). The combined organic layers were dried over Na,SQy, filtered,
concentrated under reduced pressure, and purified by flash chromatography (2% MeOH
in CH,Cl) to afford dihydroindolone 117 as a yellow oil (379 mg, 0.948 mmol, 77%
yield over two steps). '"H NMR (500 MHz, CDCls): § 6.98 (d, J= 10.0 Hz, 1H), 6.76 (d, J
= 8.1 Hz, 1H), 6.61 (dd, J= 8.1, 2.0 Hz, 1H), 6.56 (d, J= 1.7 Hz, 1H), 6.34 (dd, J = 10.0,
1.5 Hz, 1H), 6.20 (app d, /= 1.7 Hz, 1H), 4.10-4.05 (m, 2H), 3.82 (s, 3H), 3.18 (ddd, J =
10.5, 8.5, 4.2 Hz, 1H), 3.05 (td, J = 10.0, 7.0 Hz, 1H), 2.79-2.68 (m, 2H), 2.42 (s, 3H),
2.36 (ddd, J = 13.9, 10.7, 6.4 Hz, 1H), 2.22 (ddd, J = 14.0, 10.9, 6.5 Hz, 1H), 1.90-1.81
(m, 2H), 1.22—1.17 (m, 2H), 0.08 (s, 9H); °C NMR (126 MHz, CDCl;): 5 186.7, 167.0,
148.2, 147.9, 146.0, 133.5, 130.2, 123.3, 119.8, 113.4, 111.6, 66.6, 66.3, 56.0, 51.6, 36.5,
32.0, 29.6, 27.8, 17.9, —1.4; IR (NaCl/thin film): 2949, 2850, 1669, 1644, 1606, 1589,
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1514, 1442, 1424, 1305, 1253, 1234, 1176, 1150, 1137, 1032, 1013, 942, 890, 859, 839,
695; HRMS (EI+) cale’d for Co3H33NO;Si [M+H]™ 400.2302, found 400.2283.

Preparation of propellane 119.

Me
Y

. N
) Bry, CH,Cly, —15 °C;
then TfOH
—_—
-15t0 23 °C
MeO /0 (77% yield)

TMSE N
17

To a solution of dihydroindolone 117 (414 mg, 1.04 mmol) in CH,Cl, (21 mL) at —15
°C was added Br, (80 uL, 1.55 mmol) dropwise by syringe. The solution was stirred for
20 minutes, then TfOH (550 uL, 6.22 mmol) was added dropwise by syringe and the
solution was warmed to room temperature. After 12 minutes, the reaction was quenched
by the addition of saturated aqueous NaHCOs3 (50 mL), diluted with CH,Cl, (60 mL), and
washed with aqueous NaHCO; (2 x 100 mL). The aqueous layers were extracted with
CH,ClI;, (100 mL). The combined organic layers were dried over Na,SO,, filtered, and
concentrated under reduced pressure to afford a light brown foam. Flash chromatography
(20 to 30% EtOAc in hexanes) afforded propellane 119 as an off-white solid (302 mg,
0.798 mmol, 77% vyield). [a]p > =226 (¢ 0.42, CH,Cl,); 'H NMR (500 MHz, CDCls): &
6.98 (s, 1H), 6.82 (d, J=10.3 Hz, 1H), 6.15 (dd, J=10.4, 1.1 Hz, 1H), 5.95 (s, IH), 3.86
(s, 3H), 3.62 (dd, J = 16.6, 1.2 Hz, 1H), 2.89-2.81 (m, 2H), 2.69-2.55 (m, 2H), 2.44 (s,
3H), 2.41-2.36 (m, 1H), 2.04-1.96 (m, 2H), 1.77-1.69 (m, 1H); °C NMR (126 MHz,
CDCl): 6 199.3, 149.7, 145.4, 143.2, 130.8, 130.2, 127.4, 114.0, 112.9, 63.2, 56.4, 51.6,
48.0, 43.8, 33.4, 33.2, 25.8, 24.8; IR (NaCl/thin film): 3338, 2926, 2850, 2790, 1673,
1601, 1470, 1436, 1420, 1388, 1357, 1314, 1314, 1276, 1235, 1125, 1064, 1038, 879,
785. HRMS (EI+) calc’d for CsH20BrNOs [M+H]" 378.0699, found 378.0683.
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Preparation of epoxyketone 124.

TBHP,
Triton B

——
THF

IN N i
Me (40% yield)

124

To a solution of enone 119 (13.3 mg, 0.035 mmol) in THF (0.70 mL) at 28 °C was
added TBHP (100 uL of a 5.5M solution in decane, 0.550 mmol) and Triton B (0.05 mL
of a 40% solution in methanol, 105 umol) dropwise by syringe, and the solution stirred
for 16 hours at 28 °C. The reaction was quenched by the addition of saturated aqueous -
Na,S,03 (2 mL) and stirred for an additional 30 minutes. H,O (10 mL) was added, and
the solution was extracted with CH,Cl, (3 x 15 mL). The combined organic layers were
dried over Na,SOy, filtered, and concentrated under reduced pressure to afford a clear oil.
Flash chromatography (1 to 2% MeOH in CH,Cl,) on Florisil afforded epoxyketone 124
as a white foam (5.3 mg, 0.014 mmol, 40% yield). [a]*p: =11 (¢ 0.24, CH,Cl,); "H NMR
(500 MHz, CDCl3): 6 6.97 (s, 1H), 5.93 (s, 1H), 3.84 (s, 3H), 3.51 (d, J = 3.91 Hz, 1H),
3.29 (dd, J=3.91, 1.0 Hz, 1H), 3.21 (dd, J=14.2, 1.0 Hz, 1H), 2.95-2.81 (m, 2H), 2.74—
2.64 (m, 1H), 2.67 (d, J= 13.9 Hz, 1H), 2.58 (ddd, J = 16.6, 11.8, 6.3 Hz, 1H), 2.51 (s,
3H), 2.42 (ddd, J = 14.4, 9.3, 6.8 Hz), 2.20-2.09 (m, 2H), 2.06-1.96 (m, 1H); °C NMR
(126 MHz, CDCls): 6 207.4, 145.3, 142.8, 130.3, 127.8, 113.9, 113.0, 60.7, 59.2, 56.4,
55.6, 51.8, 51.4, 40.3, 34.0, 33.3, 25.7, 23.2; IR (NaCl/thin film): 3420, 2937, 2791,
1717, 1603, 1470, 1436, 1356, 1313, 1277, 1238, 876 cm’'; HRMS (EI+) calc’d for
C1sH20BrNO, [M+H]" 394.0648, found 394.0632.

Longer reaction times resulted in higher conversion, but led to oxidative
rearrangement of the desired epoxide into an unidentified lactone side product: '"H NMR
(300 MHz, CDCl3): 6.99 (s, 1H), 4.44 (d, J = 1.9 Hz, 1H), 3.83 (s, 3H), 3.04-2.83 (m,
5H), 2.83-2.64 (m, 3H), 2.36 (s, 3H), 2.20 (ddd, J = 18.4, 12.7, 4.0 Hz, 3H), 2.04-1.80
(m, 3H); "C NMR (126 MHz, CDCly): & 176.4, 145.2, 142.1, 130.1, 127.1, 115.0, 114.0,
85.0, 80.4, 73.9, 56.3, 55.6, 54.4, 41.9, 34.2, 27.3, 23.7; IR (NaCl/thin film): 3351, 2930,
2849, 2791, 1784, 1605, 1470, 1434, 1292, 1274; HRMS (EI+) calc’d for C;3H20BrNOs
[M+H]" 410.0598, found 410.0599.
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Preparation of hemiaminal 126.

TBHP, Triton B;
then SiO,

THF

(50% yield)

To a solution of enone 119 (106 mg, 0.279 mmol) in THF (5.6 mL) was added TBHP
(1.01 mL of a 5.5M solution, 5.58 mmol) and Triton B (0.64 mL of a 40% solution in
MeOH, 1.40 mmol) dropwise by syringe, and the solution stirred for 18.5 hours. The
reaction was quenched by the addition of saturated aqueous Na;S;0; (10 mL) and
saturated NH4CI (5 mL), and stirred for an additional 30 minutes. The solution was
extracted with CH,Cl, (3 x 30 mL), and the combined organic layers were dried over
NaySOq, filtered, and concentrated under reduced pressure to afford a clear oil. The oil
was then redissolved in CH,Cl, and concentrated onto dry SiO, and allowed to sit for 2
hours. Flash chromatography (1 to 4% MeOH in CH,Cl,) afforded hemiaminal 126 as a
light yellow foam (55.2 mg, 0.140, 50% yield). [a]p> = —179 (c 0.79, CH,CLy); '"H NMR
(500 MHz, CDCl3): 6 7.01 (s, 1H), 6.19 (br s, 1H), 6.16 (d, J = 1.3 Hz, 1H), 4.17 (br s,
1H), 3.88 (s, 3H), 3.42 (d, J = 12.7 Hz, 1H), 3.36 (td, J = 13.2, 5.6 Hz, 1H), 3.28-3.21
(m, 1H), 3.01 (ddd, J = 12.2, 5.5, 1.4 Hz, 1H), 2.65-2.53 (m, 2H), 2.52-2.43 (m, 2H),
2.21 (s, 3H), 1.91 (dd, J = 12.7, 2.7 Hz, 1H), 1.42 (dddd, J = 13.5, 4.1, 2.6, 1.5 Hz, 1H);
BC NMR (126 MHz, CDCls): & 194.8, 167.6, 145.9, 144.1, 128.4, 127.2, 123.8, 113.7,
113.6, 83.2, 77.3, 77.0, 76.8, 56.4, 49.1, 44.8, 42.0, 36.1, 31.7, 31.1, 29.1; IR (NaCl/thin
film): 3447, 2929, 2841, 1665, 1599, 1471, 1436, 1275, 1234, 1179, 1-83, 1035, 885;
HRMS (EI+) calc’d for CgH,0BrNO, [M+H]" 394.0648, found 330.0649.

Preparation of dihydrocepharatine A (127).
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To a solution of hemiaminal 126 (32.8 mg, 0.083 mmol) in MeOH (0.83 mL) was
added solid NaHCO; (42 mg, 0.50 mmol) and Pd/C (3.2 mg of 10 wt % Pd on activated
carbon). The solution was placed under an atmosphere of H, and the stirred for 1.5 hours
at room temperature. The reaction was diluted with EtOAc, filtered through a plug of
Celite, and concentrated under reduced pressure to isolate a yellow oil. Flash
chromatography (1 to 4% MeOH in CH,Cl,) afforded hemiaminal 127 as a white foam
(20.8 mg, 0.066 mmol, 80% yield). [a]p> = —284 (c 0.21, CH,Cl,); 'H NMR (500 MHz,
CDCl): 6 6.73 (d, J= 8.3 Hz, 1H), 6.61 (app d, J = 8.3 Hz, 1H), 6.19 (br s, 1H), 6.15 (d,
J=1.2 Hz, 1H), 4.18 (br s, 1H), 3.88 (s, 2H), 3.44 (d, J = 12.7 Hz, 1H), 3.34 (td, J =
13.2, 5.6 Hz, 1H), 3.01 (ddd, J = 12.2, 5.5, 1.4 Hz, 1H), 2.97-2.90 (m, 1H), 2.61-2.42
(m, 3H), 2.22 (s, 3H), 1.99 (dd, J = 12.7, 2.7 Hz, 1H), 1.41 (dddd, J = 13.5, 4.1, 2.7, 1.6
Hz, 1H); “C NMR (126 MHz, CDCl3) & 195.1, 168.7, 145.6, 144.5, 129.4, 125.5, 124.0,
119.3, 109.1, 83.3, 77.3, 77.0, 76.8, 56.2, 49.2, 44.5, 42.2, 36.1, 31.7, 31.1, 29.3; IR
(NaCl/thin film): 3469, 2934, 2842, 2801, 1664, 1484, 1440, 1277, 1234, 1189, 1079,
965; HRMS (EI+) calc’d for CigHy NO4 [M+H]" 316.1543, found 316.1541.

Preparation of cepharatine A (130).

PhI(OAc),, MeOH;
then NaOMe

(89% yield)

cepharatine A (130)

To a solution of hemiaminal 127 (14.1 mg, 44.8 umol) in MeOH (0.89 mL) at 0 °C
was added a solution of PhI(OAc), (15.1 mg, 47 wmol, 1.05 equiv) dropwise by syringe.
The solution was stirred for 20 minutes before a solution of NaOMe (0.5 M in MeOH,
0.224 mmol, 5.0 equiv) was added dropwise by syringe. After 5 minutes, the reaction was
warmed to room temperature, stirred for 20 minutes, then quenched with saturated
aqueous NH4CI (5 mL). The reaction was diluted with H,O, extracted with EtOAc (3 x 5
mL), and the combined organic layers were dried over Na,SOy, filtered, and concentrated
under reduced pressure to afford a yellow-orange oil. Flash chromatography on silica gel

(1 to 3% MeOH in CH,Cl,) afforded 130 (12.5 mg, 40.0 umol, 89% yield) as a yellow-
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orange foam. [a]"’p = —537 (¢ 0.38, CHCl3); 'H NMR (500 MHz, CDCLs): § 6.78 (d, J =
8.3 Hz, 1H), 6.76 (d, J = 8.3 Hz, 1H), 6.70 (d, J = 9.3 Hz, 1H), 6.29 (d, J = 9.3 Hz, 1H),
6.28 (br s, 1H), 6.12 (s, 1H), 4.29 (br s, 1H), 3.93 (s, 3H), 3.91 (d, J = 13.0 Hz, 1H),
2.91-2.84 (m,1H), 2.74-2.58 (m, 2H), 2.24 (s, 3H), 2.22 (dd, J = 13.0 Hz, 1H), 1.38
(ddd, J = 6.1, 4.7, 2.2 Hz, 1H); °C NMR (126 MHz, CDCL): & 194.1, 161.4, 148.1,
144.4, 136.0, 125.6, 125.5, 124.1, 123.4, 121.3, 108.7, 83.2, 56.2, 46.6, 44.4, 43.5, 36.2,
31.2; IR (NaCl/thin film): 3447, 2929, 2839, 1648, 1609, 1563, 1483, 1440, 1273, 1239,
1192, 1272, 1075, 969 cm™'; HRMS (EI+) calc’d for C1sHoNO, [M+H]" 314.1387, found
314.1393.
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Comparison of Spectroscopic Data for Natural and Synthetic’® (-)-Cepharatine A
y Y

"H NMR Data (both spectra are referenced to 7.27 ppm)

Reported Synthetic
6.79 (d, J=8.4 Hz, 1H) 6 6.79 (d, J=8.2 Hz, 1H),
6.77 (d, J= 8.4 Hz, 1H) 6.77 (d, J= 8.2 Hz, 1H)
6.71 (d, J=9.6 Hz, 1H) 6.71 (d, J=9.3 Hz, 1H)
6.29 (d,J=9.6 Hz, 1H) 6.30 (d, J=9.4 Hz, 1H)
- 6.29 (br s, 1H)
6.13 (s, 1H) 6.13 (s, 1H)
4.32 (brs, 1H) 4.30 (brs, 1H)
3.94 (s, 3H) 3.94 (s, 3H)
3.95(d,J=12.8 Hz, 1H) 3.92(d,J=13.0 Hz, 1H)
2.90 (m, 1H) 2.92 -2.85 (m, 1H)
2.74 (m, 1H) 2.75-2.59 (m, 2H)
2.66 (m, 1H) -
2.25 2.25 (s, 3H)
2.19 (m, 1H) 2.23 (dd,J=13.0,2.7 Hz, 1H),
1.40 (m, 1H) 1.38 (ddd, J=6.1,4.7,2.2 Hz, 1H)

3C NMR Comparsion Data (referenced to 77.0 ppm)

Reported Synthetic
194.0 194.1
161.6 161.4
148.1 148.1
144.4 144.4
136.1 136.0
125.5 125.6
125.4 125.5
124.0 124.1
123.3 123.4
121.2 121.3
108.7 108.7
83.2 83.2
56.1 56.2
46.6 46.6
443 44.4
434 43.5
36.2 36.2
31.1 31.2

Optical Rotation
Natural Synthetic

[a]"p: =716 (¢ 0.98, CHCl3) [a]"p =—537 (¢ 0.38, CHCl3)
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Preparation of cepharatine C (131).

CH(OMe),
H,S0,

MeOH, 65 °C

cepharatine A (130) cepharatine C (131)

To a solution of cepharatine A (7.5 mg, 23.0 umol mmol) in MeOH (0.46 mL) was
added trimethyl orthoformate (0.05 mL) and H,SO4 (0.050 mL of a 1M solution in
methanol). The solution was then stirred for 1 hour at 65 °C, cooled to room temperature,
then slowly quenched with saturated aqueous NaHCO; (3 mL). The reaction was
extracted with EtOAc (4 x 3 mL), and the combined organic layers were dried over
NaySOq, filtered, and concentrated under reduced pressure to isolate a yellow oil. Flash
chromatography (0.5 to 4% MeOH in CH,Cl,) afforded cepharatine C (131) as a yellow-
orange foam (7.4 mg, 22.6 umol, 99% yield). [a]'°> = =550 (¢ 0.38, MeOH); 'H NMR
(500 MHz, CDCl3) 6 6.78 (d, J = 8.2 Hz, 1H), 6.76 (d, J = 8.2 Hz, 1H), 6.65 (d, J=9.3
Hz, 1H), 6.26 (t, J = 4.7 Hz, 1H), 6.26 (s, 1H), 6.07 (s, 1H), 3.94 (d, J = 12.5 Hz, 1H),
3.94 (s, 3H), 3.38 (s, 3H), 2.90-2.81 (m, 1H), 2.64-2.53 (m, 1H), 2.20 (s, 1H), 2.15 (dd, J
= 12.4, 2.6 Hz, 1H), 1.44-1.34 (m, 1H). °C NMR (126 MHz, CDCl3): & 191.7, 158,0,
147.8, 144.2, 135.0, 126.7, 125.9, 125.5, 123.6, 121.1, 108.7, 87.4, 56.2, 48.6, 46.6, 43.7,
38.8, 36.6, 31.3; '"H NMR (300 MHz, CD;0D): § 6.88 (d, J = 8.4 Hz, 1H), 6.79 (d,J =
8.2 Hz, 1H), 6.76 (d, J = 9.4 Hz, 1H), 6.30 (d, /= 9.5 Hz, 1H), 6.02 (s, 1H), 4.14 (d, J =
12.5 Hz, 1H), 3.89 (s, 3H), 3.31 (s, 3H), 2.83 (ddd, /= 11.7, 4.8, 1.6 Hz, 1H), 2.66 (td, J
=12.8, 4.8 Hz, 1H), 2.51 (ddd, J = 12.9, 11.6, 3.4 Hz, 1H), 2.10 (s, 3H), 2.02 (dd, J =
12.5, 1.3 Hz, 1H), 1.34-1.27 (m, 1H); *C NMR (126 MHz, CD;OD): & 193.4, 162.6,
150.8, 146.4, 137.9, 126.8, 126.7, 126.5, 123.7, 122.6, 110.5, 88.9, 56.6, 47.7, 45.4, 40.2,
36.9, 32.0; IR (NaCl/thin film): 3338, 2923, 2849, 1658, 1612, 1566, 1483, 1440, 1296,
1274, 1083, 1022, 878 cm™'; HRMS (EI+) calc’d for C19Hy NO, [M+H]" 328.1543, found
330.1546.
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Comparison of Spectroscopic Data for Natural and Synthetic (—)-Cepharatine C

"H NMR Data (both spectra are referenced to 3.30 ppm)

Reported Synthetic
6.88 (d, J=8.4 Hz, 1H) 6.88 (d, J=8.4 Hz, 1H)
6.80 (d,J=9.2 Hz, 1H) 6.79 (d, J=8.2 Hz, 1H)
6.77 (d, J= 8.4 Hz, 1H) 6.76 (d,J=9.4 Hz, 1H)
6.30 (d, J=9.2 Hz, 1H) 6.30 (d, J=9.5 Hz, 1H)
6.03 (s, 1H) 6.02 (s, 1H)
4.14 (d,J=12.4 Hz, 1H) 4.14 (d,J = 12.5 Hz, 1H)
3.90 (s, 3H) 3.89 (s, 3H)
3.31 (s, 3H) 3.31 (s, 3H)
2.85 (m, 1H) 2.83(ddd,J=11.7,4.8, 1.6 Hz, 1H)
2.69 (m, 1H) 2.66 (td, J=12.8, 4.8 Hz, 1H)
2.55 (m, 1H) 2.51(ddd, J=12.9,11.6,3.4 Hz, 1H)
2.10 (s, 3H) 2.10 (s, 3H)
2.02 (m, 1H) 2.02 (dd,J=12.5,1.3 Hz, 1H)
1.29 (m, 1H) 1.34 - 1.27 (m, 1H)

3C NMR Comparsion Data (both spectra are referenced to 49.0 ppm)

Reported Synthetic
193.6 193.5
162.7 162.6
150.8 150.8
146.5 146.5
137.9 137.9
126.8 126.8
126.7 126.7
126.4 126.5
123.7 123.7
122.6 122.6
110.4 110.5
88.8 88.9
56.6 56.6
49.0 -7
47.7 47.7
454 454
40.1 40.2
36.9 36.9
32.0 32.0

Optical Rotation
Natural Synthetic

[a]*’p: =332 (¢ 1.01, MeOH) [a]"p =550 (¢ 0.56, MeOH)
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To a suspension of Mg turnings (239 mg, 9.8 mmol) in THF (1 mL) was added
DIBAL-H (1 mol %). The resulting suspension was heated to reflux, and a solution
of 3,4-dimethoxyphenethyl bromide (1 g, 4.1 mmol) in THF (4 mL) was added
dropwise. The reaction was maintained at reflux for 1.5 hrs, then cooled to room
temperature and used for the sulfinimine addition reaction.

'H NMR data for cepharatine D was found to be inconsistent with the spectral data
provided in the isolation paper. See ref. 21.

It was noted that synthetic (—)-cepharatine D produced a significantly lower specific
rotation than reported by the isolation paper. To eliminate the possibility of
racemization during the reaction sequence, racemic 123 was synthesized using
racemic tert-butylsulfinamide by an identical sequence, and the enantiomeric excess
of synthetic 123 was determined to be > 98% ee by chiral SFC (see Chiral SFC
Traces).

It was noted that synthetic (-)-8-demethoxyrunanine produced a significantly lower
specific rotation than reported by the isolation paper. Racemic 2 was synthesized
using racemic tert-butylsulfinamide,; the enantiomeric excess of synthetic 2 was
determined to be > 98% ee by chiral SFC.

Grignard  reagent 112 was  prepared in  analogy to 3.4-
dimethoxyphenethyl)magnesium bromide. See ref. 31.

It was noted that synthetic (—)-cepharatine A produced a lower specific rotation than
that reported. It is inferred, based on the total syntheses of 8-demethoxyrunanine
and cepharatine D, that the lower observed rotation does not necessarily imply any
loss of enantiomeric excess.

The corresponding resonance is obscured by the residual solvent peak. Acquisition
in CDCl; shows the analogous signal at 6 48.6 ppm.



Appendix 1 — Spectra Relevant to Chapter 2 88

APPENDIX 1

Spectra Relevant to Chapter 2:

Development of a Diastereoselective 1,2-Addition to Sulfinyl Imines



89

Appendix 1 — Spectra Relevant to Chapter 2

wudd

J-o00°€

- 60°€

Fese

ecs
ano

HO

SN

D9s ZT uTw T SWT3 Te30L
9€9G99 92Ts Id
ONISSIDO¥d YIvd
ZHN S0S0ZVL 667 ‘TH  HAWIASHO
suot3tiadex 97T

ZH 0°0008 Y3IPTM

o9s 00g'z swr3 ‘boy

soa1bop 0°Gy osTnd

09s 000z Aersp ‘xeroy

oxzeaeu :xojexado ‘Qp# ordwes
M 1°86Z / O 0°Gz "dwsg

0I0Z ¥ 3IP0 :uo pea3DITTO2 ejed
£TOPO :3USATOS
(tndzs) NOLO¥d :oousnbes osTng

TONOLO¥d :STTAPTA
¥22-III-Nd

:Kzo309aTp oTdwes
ejep/sAsawua/oxreARU/SWOY/

:£103091TP SATYDIY
00GBAOUT-NPS " ydo3Ted ' ApUT

:uo Pe3OSTTOD B3Rd
¥22-III-Nd

:owreN oTdures

patzand
¥22-III-Nd



90

Appendix 1 — Spectra Relevant to Chapter 2

utw yg SwWT3 Te3OoL
9€6G9 9zZTS Id

ZH G'(0 burtuspeoaq sutT
ONISSHEDO¥d YIVd

pe3eTnpow 91-ZLTYM

uo ATsnonutjuod

gpP 6£ I®MOg
ZHN 0SVSPPL 667 ‘'TH EI4NODAA
ZHN $T¥2099°GZT ‘€TI0 HA¥IASHO
suot3Tiadax 0001

ZH G'9FPPIE YIPTM

o9s zp0'T swr3 "boy

sooxbop (°'Gy osTnd

o9s 00T AeTeop "xeTSy

oxxeaeu :xojexado ‘op# oTdwes
M 1°862 / O 0°GZz "dusy

0T0Z ¥ 3ID0 :UuO Pa3DSTTOD eleq
ees £TOPD :3juSATOS
(Tndzs) Nog¥vD :sousnbeg osTnd

ano
oI TONOSNYD :®TTAPTA
¥22-III-N¥
:Kxo309aTp oTdwes
o ejep/sAsauua/oxreARU/SWOY/
H

:£103093TP SATYDIY
00GBAOUT-NPS " Yoa3Ted " Aput

:uo pa3dSTTOD B3Rd
¥22-III-Nd

:sweN oTdwes

paTtzand
¥22-III-N¥



91

- 90

- 66"

1 9z'¢

I 00°

s

Appendix 1 — Spectra Relevant to Chapter 2

YT v

©9s ZT uTw T SWT3 Te3IOL
9€9G9 9ZTs Id

ZH ¢€'(0 bButuepeoxq surT
ONISSED0¥d WYIvd
ZHN S0S0ZVL 667 'TH  HAYIASHO
suot3tiadex 9T

ZH 0°0008 Y3IPTM

o9s 00G°'z swr3 -boy

soa1bop (°Gy SsTnd

09s 000z Aersp "xeToy

oxxearu :xojexadp ‘Qp# oTdwes
M 1°86Z2 / D 0°Gz ‘dueg

qes 0I0Z £z dos :uo po3daTToD ejed
£TOPO :3uSATOS
o (Tndzs) NoloO¥d :oousnbag asTng

TONOLO¥d :OTTAPTA
PIZ-III-N4
:Kx0309xTp OTdwes
HO e3ep/sAsawua/ozzeseu/swoy/
:K10309aTP SATYDIY
00GBAOUT-NPS " Yyoa3Ted " Aput
1uo Pa3DSTTOD e3ed
VIZ-III-N4
:oureNy oTdures

patzTand
pIZ-III-NY



92

Appendix 1 — Spectra Relevant to Chapter 2

qes
Ll (e}

HO

utw LZ SwWT3 Te3joL
9€GG9 92ZTSs Id

zyg ' T bButuspeoaq surT
DNISSID0dd ¥iLvd

po3jeInpow 9T-ZITVM

uo ATsnonutjuod

gp 6€ I9mod
ZHN 0SVS¥vL 667 'TH HTANODIAA
ZHW $T¥2099°G2T ‘€10 HAWESHO
suot3riadex 008

ZH G 9VVIE UIPTM

o9s zp0o'T swr3 ~boy

soa1bop 0°Gp SsTnd

o9s 000 T Aerep ‘xeTey

oxzzearu :zo3exado ‘Qp# oTdwes
M 1°86Z / O 0°Gz ‘duwsg

010Z €z dos :uo pa3dSTTOD e3ed
£TOPO :3juSATOS
(Tndgs) NogywyD :eouenbes osTng

TONOENYD :®TTIPTA
VIZ-III-Nd

:Kz0309xTp oTdwes
ejep/sAsawua/oxzeaeu/swoy/

:A1030091TP 2ATYDIY
00geAOUT-NPS " yda3Ted " Aput

1uo pPe3VSTTOD eB3RA
7I2-III-Nd

:euweN oTdwes

potzTand
vIZ-III-NJ



93

Appendix 1 — Spectra Relevant to Chapter 2

Fve'e

160

s

T

o6
ano

19
HO

09s ZT uTWw T SWT3 Te3oL
9€GG9 9zZTSs Id

zH ¢€°'0 butuspeoaq surT
DNISSID0dd ¥iLv¥d
ZHN S0S0ZVL 66V ‘TH  HAWISHO
suoT3T3edex 97

ZH 0°0008 Y3IPTM

o9s 00G°Z swr3 -"boy

soa1bop 0°Gp SsTnd

D9s 000°z AeTep ‘xeTey

oxzzeaeu :xo3exado ‘Ty# oTdwes
M 1°86Z / O 0°Gz ‘duwsg

010Z €z des :uo pa3deTToD ®3RQ
£TOpPO :3juSATOS
(Tndzs) NOILO¥d :oouenbss ssTng

TONOLO¥d :STTAPTA
STZ-III-Nd

:Kz0309xTp oTdwes
ejep/sAsauua/oxIeARU/SWOY/

:Kx03091TP SATYDIY
00GBAOUT-NPS * Yyoa3Ted " ApuT

:uo pa3d’TTOD e3ed
GIZ-III-Nd

:euweN oTdwes

potzTand
STZ-III-NY



94

Appendix 1 — Spectra Relevant to Chapter 2

a6
ano

19
HO

utw € SwTtl Te3joL
9€GG9 92ZTSs Id

zH G'0 butuspeoaq surT
DNISSID0dd ¥iLvd

po3jeInpow 9T-ZITVM

uo ATsnonutjuod

gp 6€ I9mod
ZHN 0SVS¥vL 667 'TH HTANODIAA
ZHW $6€£2099°GZT ‘€10 HAYESHO
suot3riadex Q0L

ZH G 9VVIE UIPTM

o9s zp0o'T swr3 ~boy

soa1bop 0°Gp SsTnd

o9s 000 T Aerep ‘xeTey

oxzzeaeu :xo3exado ‘Ty# oTdwes
M 1°86Z / D 0°GZ "dwsg

010Z €z dos :uo pa3dSTTOD e3ed
£TOPO :3juSATOS
(Tndgs) NogywyD :eouenbes osTng

TONOENYD :®TTIPTA
STZ-III-Nd

:Kz0309xTp oTdwes
ejep/sAsawua/oxzeaeu/swoy/

:A1030091TP 2ATYDIY
00geAOUT-NPS " yda3Ted " Aput

1uo pPe3VSTTOD eB3RA
GIZ-III-Nd

:euweN oTdwes

potzTand
STZ-III-NY



95

Appendix 1 — Spectra Relevant to Chapter 2

1589

Fo0'T
w0t

~1-L6°0

D9Ss ZT uTw T SWT3 Te3ljoL
9€GG9 92TSs 14
DNISSID0dd ¥iLv¥d
ZHN S0S0ZVL 66V ‘TH  HAWISHO
suoT3T3edex 97

ZH 0°0008 Y3IPTM

o9s 00G°Z swr3 -"boy

soa1bop 0°Gp SsTnd

D9s 000°z AeTep ‘xeTey

oxzzearu :zo3exado ‘Qp# oTdwes
M 1°86Z / O 0°Gz ‘duwsg

0T0Z zz des :uo pa3oeTTod e3jed
£TOPO :3jus2ATOS

a6 (Tndzs) NOLO¥d :oousnbag osTnd

SN0 O3
TONOLO¥d :STTAPTA
Z8Z-II-Nd
:Kz0309xTp oTdwes
ejep/sAsauua/oxIeARU/SWOY/
(o] :£10309ITP SATYDIY
00GBAOUT-NPS * Yyoa3Ted " ApuT
:uo pa3d’TTOD e3ed
Z28Z-II-NYd
:euweN oTdwes

potzTand
Z8Z-II-N¥



96

Appendix 1 — Spectra Relevant to Chapter 2

utw zy ‘IYy T SwWr3 Te3on
9€GG9 9ZTS Id

ZH G'0 buTtuspeoxq surT
ONISSEI0¥d VIvd

pa3eTnpou 9T-ZLTVM

uo ATsnonutjuod

dgp 6£ I®Mmog

ZHW 0SPSPPL 667 ‘TH HEIdNODHA
ZHN $6€£2099°G2T ‘€10 HAYEISHO
suot3Tiadex 000€

ZH G 9FPIE UYIPTM

o9s zpo'T swr3 "boy

soaxbop (°'Gy osInd

09s 000°'T Aersp "xersy

oxxeaeu :xo3jexadp ‘Qp# oTdwes
M 1°862 / O 0°Gz ‘dueg

0102 z Aew :uo pa3d>TTOD e3Rq
£TOP° :3juSATOS
(Tndzs) NogyvD :oousnbag asTng
as6
aNO 0@ DET-TD-282-II-N¥ :oTTJPTd
TD-282-II-Nd
:Kxzo309a1p oTdwes
ejep/sAsawua/oxzeaeu/sWoy/
19 :£103092TP PATYDIY
0 00GBAOUT-NPS " Yyoa3Ted " Aput
:uo pa3dSTTOD e3Rd
TO-282-II-Nd
:oureNy oTdures

0
282-II-N¥



97

Appendix 1 — Spectra Relevant to Chapter 2

= 96°§9

J-L6°0
Fo0'T

T-96°0

966
SN0, O®

©9S ( UTW Z SWT3} Te3IOL
9€999 9ZTs IJd

zZH z'0 butuspeoaq surT
ONISSID0¥d ViIvd
ZHN Z0S0ZVL° 667 'TH  HANESHO
suoTt3Tiadax 91

ZH 0°0008 U3IPTM

o9s 00G'z swr3 "boy

soa1bsp (°Gy SsTnd

o9s 000°G Aersp "xeTay

Kembuey :zojexsdo ‘pr# o1dures
M 1°86Z / O 0°Gz ‘dueg

010z LT Bny :uo pe3joeTToD ®3RQ
€TOPD :3uUSATOS
(Tndzs) Nolo¥d :oduenbas osTng

TONOLO¥d :STTAPTI
POYSeTI-£80-GOAN

:Kxo0309xTp oTdures
e3ep/sAsauua/Aembuer/suoy/

:K103092TP SATYDIY
00G®AOUT-NPS " yda3Ted " ApuT

iuo Pa3RaTTOD B3IRA
POYSeTI-£80-GDAN

:oureN sTdures

€80-50AX



98

Appendix 1 — Spectra Relevant to Chapter 2

utw QT SWT3 Te30L
9€GG9 9ZTS Id

ZH G'(0 buTtuspeoxq sutT
ONISSHOO¥d ¥IVd

pa3jeTnpou 9T-ZLTYM

uo ATsnonutjuod

dPp 6£ I®mog

ZHW 0SYSY¥L 66% ‘TH ETdNODHA
ZHW 8€£52099°GZT ‘€TI0 HAMESHO
suot3rtiadex 00€

ZH G 9PPIE UIPTM

o9s zy0 T swr3 -boy

sooxbop (°Gy osInd

o9s 000°T AeTsp "xersy

Kembuey :zo3exsdp ‘pT# oTdures
M 1°862 / D 0°Gz "duwsg

010Z LI Bny :uo pejoeTTod ®3RA
£TOP2 :3juaATOS
(Tndzs) NogwvD :oouenbeg ssTng
266
SN0  O°IN TONOEYVYD :STTIPTA
PaYSeTI-€£80-SOAN
:Kx0309aTp °oTdwes
ejep/sAsauua/Aembuesf/suoy/
ag :£103091TP SATYDIY
0 00GBAOUT-NPS " Yyoa3Ted " Aput
:uo pPa3daTTOD B3IRA
PaYsSeTI-£80-G0AN
:sureNy STdures

POUYSBTI-E€80-GOAN



99

Appendix 1 — Spectra Relevant to Chapter 2

1 z8'9

- 00'T

>~ T0°T

PS6
SN0 02N
an

©9s ZT uTW T SWT3} Te3IOL
9€GG9 9zZTs 14
ONISSED0¥d ¥IvVd
ZHW G0S0ZYL 66% ‘TH  HAMESHO
suot3Tiadex 97

ZH 0°0008 UIPTM

oes 006z swr3 -boy

soaabop (°Gy SSTnd

09s 000°z Aersp "xeToy

oxzeaeu :xojexadp ‘Tp# oTdwes
M 1°862 / O 0°Gz ‘dueg

0T0Z ¥ 3I°0 :uUO PoO3DSTTOD e3ed
€IOPD :3jusATOS
(1ndzs) Nolowd :oouesnbas osTng

TONOLO¥d :STTAPTJ
92Z-III-Nd

:Kx0309aTp °oTdwes
ejep/sAsawua/oxzeaeu/sWoy/

: k103092 TP SATYDAY
00GBAOUT-NPS " Yyoa3Ted " Aput

:uo pa3dSTTOD e3Rd
922-III-Nd

:oureNy oTdures

patzTand
92Z-III-NY



100

Appendix 1 — Spectra Relevant to Chapter 2

PS6

SN0, O®

19

SN

uTtw g Swr3 Te3oL

9€G6G9 92TSs Id

ZH §°0 DG..HGWUMO.HQ SuTT
ONISSEO0¥d ¥IVd

pe3eInpow 9T-ZLTYM

uo ATsnonutjuod

gp 6€ I9mog
ZHW 0SPSPYL 667 ‘TH HETdNODHEA
ZHW $0%2099 'GZT ‘€TI0 HAYEASHO
suot3T3iadex Q00T

ZH G 9VPIE YIPTM

o9s zpo T swr3 -~boy

soaaxbop (°'Gy osInd

o9s 000°'T Aersp ‘xersy

oxxearu :xojexadp ‘Ty# oTdwes
M 1°86Z / O 0°Gz ‘dweg

0I0Z ¥ 3I°0 :uO Pa3IDSTTOD ejed
€TOPO :3uUSATOS
(tndzs) NogwvD :oousnbss osTng

TONOENYD :OTTAPTA
92Z-III-Nd

:Kx0309xTp oTdwes
e3ep/sAsiwua/oxxesRU/3WOY/

:Kx03091TP SATYDIY
00GeAOUT-NPS ‘' yda3Ted " ApuT

1uo Pe3DSTTOD e3IRA
922Z-III-Nd

:oureN o1dwes

poryTand
9ZZ-III-N¥



101

Appendix 1 — Spectra Relevant to Chapter 2

T ezL

== 00'T

= 9T'T

966
SN0, 02N

19

©9s ZT uTW T SWT3} Te3IOL
9€GG9 9zZTs 14
ONISSED0¥d ¥IvVd
ZHW G0S0ZYL 66% ‘TH  HAMESHO
suot3Tiadex 97

ZH 0°0008 UIPTM

oes 006z swr3 -boy

soaabop (°Gy SSTnd

09s 000°z Aersp "xeToy

oxxeaeu :xo3jexadp ‘Qp# oTdwes
M 1°862 / O 0°Gz ‘dueg

0T0Z 9 320 :uO Po3DSTTOD e3ed
€IOPD :3jusATOS
(1ndzs) Nolowd :oouesnbas osTng

TONOLO¥d :STTAPTJ
8TZ-III-Nd

:Kx0309aTp °oTdwes
ejep/sAsawua/oxzeaeu/sWoy/

: k103092 TP SATYDAY
00GBAOUT-NPS " Yyoa3Ted " Aput

:uo pa3dSTTOD e3Rd
8TZ-III-Nd

:oureNy oTdures

patzTand
8TZ-III-NY



102

Appendix 1 — Spectra Relevant to Chapter 2

utw pg SwWr3 Te3or
9€GG9 9ZTS Id

ZH G'0 buTtuspeoxq surT
ONISSEI0¥d VIvd

pa3eTnpou 9T-ZLTVM

uo ATsnonutjuod

dgp 6£ I®Mmog
ZHW 0SPSPPL 667 ‘TH HEIdNODHA
ZHW 7092099 °GZT ‘€TI0 HAMESHO
suot3riadex Q00T

ZH G 9FPIE UYIPTM

o9s zpo'T swr3 "boy

soaxbop (°'Gy osInd

09s 000°'T Aersp "xersy

oxxeaeu :xo3jexadp ‘Qp# oTdwes
M 1°862 / O 0°Gz ‘dueg

0T0Z 9 320 :uO Po3DSTTOD e3ed
€IOPD :3jusATOS
(1ndzs) Nog¥vD :oouesnbas osTng

966 TONOENVYD :STTIPTI
SN0 02N 8TZ-III-NJ
:Kx0309aTp °oTdwes
ejep/sAsawua/oxzeaeu/sWoy/
: k103092 TP SATYDAY
g 00GeAOUT-NPS " yda3Ted " ApuT
fo) :uo P30S TTOD ©B3IRA
8TZ-III-Nd
:oureNy oTdwes

patzTand
8TZ-III-NY



103

Appendix 1 — Spectra Relevant to Chapter 2

wudd

8976

J-00'T
- 16°0

T 9z9

- L6°0

q96
SN0, 02

09s G UTW T SWT3 Te3IOL
89LZE 92ZTS Id
ONISSED0dd ¥YIvd
ZHW G0S0ZVL 667 'TH  HAWIASHO
suotjTiedax 9T
ZH 0°0008 U3IPTM
o9s gyQ-z swr3 -boy
soaxbop (°gy osTnd
o9s 000 'z Aersp ‘xersy

ozaeaeu :xojexadp ‘Qp# oTdwes
M 1°862 / O 0°Gz ‘dusg

0102 2 AeW :uo pea3deTToD ®3Rd
£IOPO :3USATOS
(Tndzs) NoOIO¥d :oousnbsg asTng

HI-TD-Z282-II-N¥ :STTJIPTA
TO-28Z-II-Nd

:Kxo3peaTp oTdures
e3ep/sAsauua/oxzeARU/SWOY/

:Kx0309aTP SATYDIY
00GBAOUT-NPS " yda3Ted " ApuT

:uo pa3dSTTOD e3ed
TDO-282-II-Nd

:oweN oTdures

hse]
28Z-II-N¥



104
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Appendix 1 — Spectra Relevant to Chapter 2

oot
T 9z°¢

Fsot

- 68°0

r\]* 00°'T

1.6

D9Ss ZT UTWw T SWT3 Te30]
9€GG9 9zTs 1Jd
DNISSHEDO¥d ¥YI¥d
ZHA S0S0ZVL 667 ‘TH  HAWHASHO
suoTt3Tiadax 9T
ZH 0°0008 Y3IPTM
o9s 00g°'z swr3 "boy
soa1bsp (°Gy SsTnd
09s 000°z Aerop “xersy

oxxeaeu :xojexado ‘Tp# ordwes
M 1°86Z / D 0°Gz "dueg

0T0Z 9 3P0 :UO PIIDSTTOD eB3IRQ
£TPPD :3USATOS
(Tndzs) NOLO¥d :oousnbag osTnd

TONOLO¥d :STTAPTA
822-III-N¥

:Kx0309xTp oTdures
e3ep/sAsawua/oxzesru/sWOY/

:£103091TP SATYDIY
00GBAOUT-NPS " yda3Ted " ApuTt

1uo Po3ILSTTOD eBIRd
8ZZ-III-N¥

:oureN oTdures

patzTand
82Z-III-NJ



124

Appendix 1 — Spectra Relevant to Chapter 2

1.6

UTWw pg SWTI TeIOL
9€GG9 92TS Id
ZH G'0 DButuspeoaq sut]
ONISSEI0¥d ¥IVd
pe3eInpow 9T-ZITYM
uo ATsnonutjuod
gpP 6£ I9MOg
ZHW 0SPSPYL 66F ‘TH HEIdNODAA
ZHW $0%2099°GZT ‘€TI0 HAMESHO
suoTr3Tiadax 000T
ZH G 9PPIE UIPTM
o9s gzpo' T swr3 -boy
soaxbop 0°'Gy oSInd
09s 000°'T Aerop ‘xersy

oxxeaeu :xojexadp ‘Ip# oTdwes
M 1°86Z / D 0°Gz ‘dweg

0I0Z 9 3IP0 :uo Pa3DITTOD ejed
€TOP2 :3uSATOS
(Tndzs) Nog¥yD :®ouesnbes asTng

TONOEYYD :°TTJIPTJ
8ZZ-III-NY

:Kx0309xTp oTdwes
ejep/sAsawua/oxzeaeu/suoy/

: k103092 TP SATYDIY
00GeAOUT-NPS ' Yda3Ted " Aput

1uUo Pe3DSTTOD BIRA
82Z-III-N¥

:oureN oTduwes

patzTand
82Z-III-NY



125

Appendix 1 — Spectra Relevant to Chapter 2

J- 98¢

Foss1t

Fs811

FIT°1T

r
o
o
4
L
| | 7 |
626
o)
10
B Ja
o' HN—S
A\
o]

o®s ZT UTW T SWT3 Te30L
9€GG9 92Ts 14

ZH Z°0 .m:..ﬂﬂ-mmvﬂo..hn 2UuTT
ONISSHED0¥d YIVd
ZHWN G0S0ZVL 667 ‘TH HJAYISEO
suot3Tiedax 971

ZH 0°0008 U3IPTM

o9s 00§°'z Swr3 "boy

soaxbap -Gy osInd

o9s 000°Zz AeTsp "xeroyw

oxazeaeu :xojexado ‘zp# oTdwes
M 1°86Z / D 0°Gz "dusp

0T0Z 9 3ID0 :uO PSIDSTTOD eBIRA
€TOPD :3USATOS
(Tndzs) NOILO¥d :®dusnbas osTnd

TONOLOY¥d :STTJIPTJI
q6ZZ-III-Nd

:Kxzo3peaTp oTdwes
ejep/sAsawua/oxzeseu/swoy/

:K103091TP SATYDIY
00GBAOUT-NPS " yda3Ted  ApuT

:uo pe3DaTTOD B3IEA
q62Z-III-Nd

:oureN oTdures

parzTand
62Z-III-NY



126

Appendix 1 — Spectra Relevant to Chapter 2

uTw Gz ‘IYy T SWr3 Te3oL

9€GG9 92Ts Id

zH G'0 Butuspeoxaq surT
ONISSIDO¥d YIvd

pa3jeTnpow 91-ZILTYM

uo Arsnonutjuod

gP 6£ I®MOg

ZHW 0SYSPPL 667 ‘TH HIdNODEA
ZHA $0%2099 SZT ‘€TI0 HEAYESHO
suot3T3iadex 0062

ZH G 9%PIE UIPTM

oos zp0o'T swry ‘boy

MUOHUOU 0°Gy °sIng

o9s 000°'T AeTep ‘xeToy

oxxeaeu :xojexado ‘zp# oTdues
M 1°862 / D 0°Gz "dwsy

0T0Z 9 13O0 :UuO PIIDSTTOD BIeRd
€TOpPD :3usATOS
mhm (Tndzs) Nogy¥yD :oousnbeg osTng

I} TONOSYYD :STTAPTA
q62Z-III-NY
:Kxzo0309aTP oTdwes

ig ng-; ejep/sAsIwua/ozIeAcU/SUW0Y/
05_,. IZlIW\ :K10309aTP SATYDIY
//O 00SeAOUT-NPS " ydo3Ted ' Aput

:uo pa3”SaTTOD e3led
96ZZ-III-Na
:oureN oTdures

patzTand
62Z-III-NJ



127

Appendix 1 — Spectra Relevant to Chapter 2

I 15701

T 601

J-o00'1

> 260

Lot

19

uL6-(H'y)

o]

Ud" HN—

ng-

mo

D9S G uUTW T SWT3 Te30L
89LZE 9ZTS 14
ONISSIDO¥d YI¥d
ZHW S0S0ZVL 667 'TH HAYISEO
suoTt3Tiedex 9T

ZH 0°0008 UIPTM

oes gpo°z swry "boy

s9axbap -Gy osInd

09s 000°z Aerop "xeTSy

oxzeaeu :xojexadp ‘9p# oTdures
M 1°862 / D 0°Gz "dwsy

0T0Z 0E IBW :UO PIJIDSTTOD ®IRd
€TOPD :3USATOS
(Tndzs) NoLo¥d :®dousnbss asTng

HI-Zofew-g6Z-II-Nd :STTIPTI
¥-€62-II-Nd

:Kxzo0309aTP oTdwes
ejep/sAsIwua/ozIeAcU/SUW0Y/

:K103091TP SATYDIY
00SeAOUT-NPS " ydo3Ted ' Aput

:uo pa3”SaTTOD e3led
¥-€62-II-Nd

:oureNy oTdwes

qonpoxd zoleuw
€62-II-NJ



128

Appendix 1 — Spectra Relevant to Chapter 2

P

utw LZ SwT3 Te3or
9€9G99 9ZTs IJd

ZH G'(0 butuspeoaq sutT
ONISSIDO¥d ViIvd

pa3jeTnpow 91-ZITVM

uo NHMH—OH—G..HUGOU

gp 6£ I9mog
ZHN 0SVSPPL 667 ‘TH ETdNODAA
ZHW 70%2099 'SZT ‘€TI0 HAYESHO
suot3Tiadax (008

ZH G 9VPIE UIPTM

o9s zyo'1 swr3 -boy

soaxbop 0'Gy OSTnd

o9s 000°T Aerop "xeTsy

oxxeaeu :xojexadp ‘9p# oTdwes
M 1°86Z / D 0°Gz "dweg

0T0Z 0€ IBW :UO PI3DSTTOD ®3ed
£TOPD :3uSATOS
(Tndzs) NogyvD :oousnbag asTng
uLe-(Hd)
fo) OgT-70fPW-£62-II-NY :OTTAPTA
€62-II-NY
:Kx0309xTp oTdwes
e3ep/sAsawua/oxzeaRU/SWOY/
:K103092TP SATYDIY
s 00SeAOUT-NPD ' Ydo3Ted " Aput
N\ :uo Pe3LSTTOD eB3IRd
€6C-II-N¥
:owreN oTdures

187 ng-
Ud" HN—

aonpoad zolew
€62-II-Nd



129

Appendix 1 — Spectra Relevant to Chapter 2

T e6°01

It

Jo00'T

F+ 90°T

~7 88°0

T vs's

uL6-(sy)

D9s g uTW T SWT3 Te3IOL
89LZE 9ZTs Id
ONISSIDO¥d VYIVd
ZHW S0SO0ZVL 66% ‘TH  HAYESHO
suot3Ttiadax 97

ZH 070008 Y3IPTM

o®s gp0'z swr3 ‘boy

soaxbop 0'Gy oSTnd

09s 000z Aersp ‘xersy

oxxeaeu :xojexadp ‘Ly# oTdwes
M 1°86Z / O 0°Gz "dweg

0I0Z 0€ IBW :UO Pa3DSTTOD ejed
£TOPD :3USATOS
(tndzs) NoOLO¥d :oousnbsg osTnd

POTIPSI-HI-IOUTW-£6Z-II-Nd :STTIPTA
g-€62-II-NJ

:Kx0309xTp oTdureg
ejep/sAsIuua/oxTeARU/SUOY/

:Kx03091TP SATYDIY
00GBAOUT-NPS " yoa3Ted " ApUuT

:uo pPa3OSTTOD e3Ied
g-€62-II-Nd

:oureN oT1dures

qonpoad zouTtw
€62-II-N4



130

Appendix 1 — Spectra Relevant to Chapter 2

utw g SwWT3 Te3oL
9€GG9 92ZTS Id

2ZH G'0 butuspeoaq sutT
ONISSED0¥d ¥IVd

pajeInpow 91-ZITYM

uo ATsnonur3juod

gp 6€ ISmod
ZHW 0SPSPPL 66F 'TH HIJNODIA
ZHN $6€£2099° 62T ‘€ID HAWIASHO
suoT3T3iadax Q09T

ZH G'9VVIE YIPTM

o9s zpo T swr3y "boy

soaxbop 0°Gy osTnd

09s 000 T AeTsp -xersay

oxxeaeu :xojexado ‘Tp# oTdures
¥ 1°862 / O 0°Gz "dusg

0T0Z 0Z 3P0 :uO Pa3DSTTOD ®B3IRQ
. £TOPO :3jusATOS
_._hm.a Iv (Tndzs) Nogy¥wD :oousnbesg ssTng

TONOEYVD :STTAPTI
IoUuTW-£62-II-NJ
:Kxzo0309aTp oT1dwes

g - \zm.n e3ep/sAsauua/ozrRARU/WOY/
Ud IZ.Im/ :£103093ITP SATYDIY
/u 00SBAOUT-NP® ‘ Yoo3TED * APUT

:uo pPa3daTIOD BIRd
IOUTW-£6Z-II-NI
:oureN o1dures

patzTand
TouTW £6Z-III-NI



131

Appendix 1 — Spectra Relevant to Chapter 2

wdd

T ev-ot

1 1€°¢

J- 601

J-00'T

- 26°0

r~]/ LO'T

> 60'T

L1z

J-LO0°T

-7

126

D9S G UTW T SWT3 TEIOL
89LZE ©2TSs 1d
ONISSED0¥d VYIVd
ZHN S0S0ZVL 667 ‘TH  HAWIASHO
suoTt3Tiadax 91

ZH 0°0008 UYIPTM

o9s gy0'z swr3 -"boy

soa1bop (°Gy SsTnd

09s 000z Aerop "xer9y

oxxeaeu :xojexadp ‘Qp# oTdwes
M 1°86Z / D 0°Gz ‘dweg

0T0Z ST AeW :uo pa3dSTTOD e3RQ
E€TIOPO :3uSaATOS
(Tndgs) NoOio¥d :eouenbas osTng

TONOLO¥d :STTAPTI
L9-III-NY
:Kx0309xTp oTdures
ejep/sAsawua/oxzeaeu/suoy/
: k103092 TP SATYDIY
00GBAOUT-NPS " yda3Ted " ApuT
1uo pPa3LSTTOD e'Ied
LO9-III-NY
:ouwreN oTdwes

L9-III-N¥



132

Appendix 1 — Spectra Relevant to Chapter 2

utw g ‘Iy T SwWr3 Te30L

9€G59 9ZTS 14

ZH G°0 DGHE@UMOMQ [UuTT
ONISSEI0¥d VI¥d

pe3eTnpow 9T-ZITYM

uo ATsnonutjuod

gp 6€ I9mMog
ZHW 0S¥SPvL 667 ‘TH HIdNODEA
ZHW S8€2099°GZT ‘€10 HAYESHO
suot3tiadex 0002

ZH G 9PPIE UIPTM

o9s zp0'T swr3 ‘boy

soaxbop (°'GF osTnd

o9s 00T AeTesp -xeTsy

oxxeaeu :xojexado ‘Qp# oTdwes
M 1°862 / O 0°Gz "dusy

010Z ST AeW :uo pe3d°TTOD ®B3RQ
£TOPD :3usATOS
126 (tndzs) NogwyD :oousnbes osTng

TONOEYYD :STTIPTA
L9-III-N¥

:Kxzo309xTp oTduwes
ejep/sAsauua/oxreARU/SWOY/

19 > ng-}
& ’ : k103092 TP SATYDIY
IZIlM? 00SBAOUT-NPS * yoa3Ted  ApuT
°n O :uo pe3PeTTOD ®3Rd

L9-III-N¥
:oureN oTdures

L9-III-N¥



133

Appendix 1 — Spectra Relevant to Chapter 2

wdd

T+ 61701

T e6z°¢

FLo't1

[ o W
o © ko
o o (S, N5,)
O S e
L
| 7 |
126
o
1 ng-
° Sin—g
3
Yo
N

09S g UTW T SWT3} TBIOL
89LZE 9ZTS Id

zH z'0 bButuspeoaq surT
ONISSID0dd ¥iLv¥d
ZHN S0S02VL 66V 'TH  HAWASHO

suot3tiadex 9T

ZH 0°0008 Y3IPTM

o9s gy0 'z swr3 "boy

so2xbop (°Gp SsTnd

o9s 000°Z AeTsp "xersy

ozxeaeu :xo3exsado ‘Tp# oTdwes
M 1°86Z / O 0°Gz "dusg

0T0Z ST AeW :uo pe3oeTTOD ®3RQ
€TOPD :3uSATOS
(Tndzs) NolLoO¥d :°oousnbeg osTng

TONOLO¥d :STTAPTA
89-III-Nd
:Kx0300xTp oTdwes
e3ep/sAsawua/oxreseu/suwoy/
:K10309ITP SATYDIY
00§BAOUT-NPS " yda3Ted " ApuT
:uo Pa3DaTTOD B3RA
89-III-Nd
:suweN oTdwes

89-III-NI



134

Appendix 1 — Spectra Relevant to Chapter 2

utw gz ‘Iy T SwWr3 Te3or
9€GG9 92ZTS Id

ZH G'0 bButuspeoaq sut]
ONISSHEO0¥d ¥IVd

pa3eTnpow 9T-ZITUYM

uo ATsnonutjuod

gpP 6£ I9Mmog
ZHW 0SPSPPL 66% ‘TH HEIdNODAA
ZHW 76€£2099 'GZT ‘€TI0 HAYESHO
suot3riadex 0052

ZH G 9PPIE UIPTM

o9s zpo'T swr3 -boy

soaxbop 0°'Gy oSTnd

09s 000°'T Aerop "xersy

oxxeaeu :xojexadp ‘Ip# oTdwes
M 1°86Z / D 0°Gz ‘dweg

26 0T0Z ST AeW :uo pa3daTT02 e3eq
: €TOPD :3juUSaATOS
(Tndzs) NoguvD :oousnbsg osTnd

TONOEYYD :STTAPTI
19 \ ng- 89-III-NY
& ’ :Kx0309xTp oTdures
N\ ejep/sAsawua/oxzeaeu/suoy/
o :£103091TP SATYDIY
00GBAOUT-NPS " yda3Ted " ApuT
SN 1uo pPa3LSTTOD e'Ied
89-III-Nd
:ouwreN oTdwes

89-III-Nd



135

Appendix 1 — Spectra Relevant to Chapter 2

wdd

I 61701

I ve'e

+s80'1

L o FNN

o ©  RR

o o or

oA Y
9 L

%26
o
1 ng-
) Jin—g
\
)

SN

09S g UTW T SWT3} TBIOL
89LZE 9ZTS Id

zH z'0 bButuspeoaq surT
ONISSID0dd ¥iLv¥d
ZHN S0S02VL 66V 'TH  HAWASHO

suot3tiadex 9T

ZH 0°0008 Y3IPTM

o9s gy0 'z swr3 "boy

so2xbop (°Gp SsTnd

o9s 000°Z AeTsp "xersy

ozxeaeu :xo3exsado ‘zp# oTdwes
M 1°86Z / O 0°Gz "dusg

010Z 9T A=W :uo pe3d°TTOD ®3IRA
£TOP2 :3juSATOS
(Tndzs) NoOILO¥Wd :oousnbag asTng

TONOLO¥d :STTAPTA
Z9-III-Nd
:Kx0300xTp oTdwes
e3ep/sAsawua/oxreseu/suwoy/
:K10309ITP SATYDIY
00§BAOUT-NPS " yda3Ted " ApuT
:uo Pa3DaTTOD B3RA
Z9-III-Nd
:suweN oTdwes

Z9-III-Nd



136

Appendix 1 — Spectra Relevant to Chapter 2

L6

N

utw gz ‘Iy T SwWr3 Te3or
9€GG9 92ZTS Id

ZH G'0 bButuspeoaq sut]
ONISSHEO0¥d ¥IVd

pa3eTnpow 9T-ZITUYM

uo ATsnonutjuod

gpP 6£ I9Mmog
ZHW 0SPSPPL 66% ‘TH HEIdNODAA
ZHW S8€Z099 'GZT ‘€10 HAYESHO
suot3riadex 0052

ZH G 9PPIE UIPTM

o9s zpo'T swr3 -boy

soaxbop 0°'Gy oSTnd

09s 000°'T Aerop "xersy

oxxeaeu :xojexadp ‘zy4 oTdwes
M 1°86Z / D 0°Gz ‘dweg

0T0Z 9T Ae :uo pa3dSTTOD e3RQ
€TOP2 :3uUSATOS
(Tndzs) Nog¥vyD :®ouesnbes asTng

TONOEYYD :STTAPTI
Z9-III-NY
:Kx0309xTp oTdures
ejep/sAsawua/oxzeaeu/suoy/
: k103092 TP SATYDIY
00GBAOUT-NPS " yda3Ted " ApuT
1uo pPa3LSTTOD e'Ied
29-III-Nd
:ouwreN oTdwes

Z9-III-Nd



137

Appendix 1 — Spectra Relevant to Chapter 2

wdd

F tpoot

+s80't

Fso't
oot
F LO'T
J-68°0

T

T

9

D9S ¢ UTW T SWT3} TERIOL
89LZE 92TS Id
ONISSID0dd ¥iLv¥d
ZHN S0S02VL 66V 'TH  HAWASHO
suot3tiadex 9T

ZH 0°0008 Y3IPTM

o9s gy0 'z swr3 "boy

so2xbop (°Gp SsTnd

o9s 000°Z AeTsp "xersy

ozxeaeu :xo3exsado ‘zp# oTdwes
M 1°86Z / O 0°Gz "dusg

0T0Z G2 AeW :uo pe3oeTTOD B3R
€TOPD :3uSATOS
(Tndzs) NolLoO¥d :°oousnbeg osTng

126 TONOLO¥d :oTTdPTd

o 09-III-NJ
:Kx0300xTp oTdwes

e3ep/sAsawua/oxreseu/suwoy/
:K10309ITP SATYDIY

iq 5 ng-} 00GBAOUT-NPS " ydo3Ted " ApuT
\”, HN—S :uo Pa3DaTTOD B3RA

ud N 09-III-Nd
:suweN oTdwes

09-III-N4



138

Appendix 1 — Spectra Relevant to Chapter 2

utw Gz ‘Iy T Swr3 Te3or
9€GG9 92TS L4

ZH G°0 mﬂ.ﬂﬂmﬁmo.ﬂﬂ [UuTT
ONISSEDI0¥d VIVd

pe3jeTnpow 9T-ZITVM

uo hHmﬂ_Oﬂﬁﬂu—:OU

gP 6£ I=SMOog
ZHW 0S¥SPVL 667 ‘TH HTdNODEA
ZHA ¥0%2099°SZT ‘€10 HANESHO
suot3riadex 00§52

ZH G 9VPIE UIPTM

o9s zy0'T swr3 ‘boy

sooxbop (°'Gy osTnd

09s 000 T AeTep -xer1sy

oxxeaeu :xojexadp ‘zy# oTdwes
M 1°86Z / D 0°S§z ‘dusg

010Z S§Z XAeW :uo pe3deTTOD e3RQ
£TOPO :3juaATOS
(Tndzs) NogwvD :oousnbas asTng

TONOEYVD :STTAPTI
09-III-Nd
:Kxo0309aTp oTdwes
ejep/sAsauua /oxIeARU/SWOY/
:£103093TP SATYDIY
00SBAOUT-NPS " Yoo3TeD  ApuT
1UO POJIOSDTTOD '3jed
09-III-Nd
:oureN o1dures

09-III-NY



139

Appendix 1 — Spectra Relevant to Chapter 2

Foot

Jsoz

T 660

Lot

1 L8'0

o001

w.ie

D9S ¢ UTW T SWT3} TERIOL
89LZE 92TS Id
ONISSID0dd ¥iLv¥d

ZHN S0S02VL 66V 'TH  HAWASHO
suot3tiadex 9T

ZH 0°0008 Y3IPTM

o9s gy0 'z swr3 "boy

so2xbop (°Gp SsTnd

o9s 000°Z AeTsp "xersy

ozxeaeu :xo3exsado ‘zp# oTdwes
M 1°86Z / O 0°Gz "dusg

010Z 92 A=W :uo pa3deTTOD ®3IRA
£TOP2 :3juSATOS
(Tndzs) NoOILO¥Wd :oousnbag asTng

TONOLO¥d :STTAPTA
GL-III-Nd
:Kx0300xTp oTdwes
e3ep/sAsawua/oxreseu/suwoy/
:K10309ITP SATYDIY
00§BAOUT-NPS " yda3Ted " ApuT
:uo Pa3DaTTOD B3RA
GL-III-NY
:suweN oTdwes

GL-III-N4



140

Appendix 1 — Spectra Relevant to Chapter 2

utw gg Swr3 Te3oL
9€G59 92TS ILd

ZH G'0 bButuspeoaq sut]
ONISSHEO0¥d ¥IVd

pa3eTnpow 9T-ZITUYM

uo ATsnonutjuod

gpP 6£ I9Mmog
ZHN 0SVSPPL 667 ‘TH ETdNODAA
ZHW $0%2099 "SZT ‘€TI0 HAYESHO
suot3tiadex QOLT

ZH S 9VVIE UIPTM

o9s zpo'T swr3 -boy

soaxbop 0°'Gy oSTnd

09s 000°'T Aerop "xersy

oxxeaeu :xojexadp ‘zy4 oTdwes
M 1°86Z / D 0°Gz ‘dweg

0T0Z 92 Ae :uo pa3dSTTOD ®3RQ
E€TIOPO :3uSaATOS
w/e (Tndzs) NoguvD :oousnbsg osTnd

TONOEYYD :STTAPTI
GL-III-N¥

:Kx0309xTp oTdures
ejep/sAsawua/oxzeaeu/suoy/

19 > ng-
—_— /4 :£103091TP SATYDIY
- IleM? 00GRAOUT-NPS yoo3Ted " ApUT
[0} :uo pa3PeTToD B3R
GL-III-Nd

:oureN oTdures

GL-III-Nd



141

Appendix 1 — Spectra Relevant to Chapter 2

1Tt

Tt

Jstt

11T

10°T
3£ 12°T

Jsot

J-o00'T
%60
FoT'T

D9S ¢ UTW T SWT3} TERIOL
89LZE 92TS Id
ONISSID0dd ¥iLv¥d

ZHN S0S02VL 66V 'TH  HAWASHO
suot3tiadex 9T

ZH 0°0008 Y3IPTM

o9s gy0 'z swr3 "boy

so2xbop (°Gp SsTnd

o9s 000°Z AeTsp "xersy

ozxeaeu :xo3exsado ‘Tp# oTdwes
M 1°86Z / O 0°Gz "dusg

010Z 6T A=W :uo pa3d°TTOD ®3IRA
£TOP2 :3juSATOS
(Tndzs) NoOILO¥Wd :oousnbag asTng

uz6-Hy) TONOIO¥A :9TTaPTA
0 Z-0Z-III-NY

:Kx0300xTp oTdwes
e3ep/sAsawua/oxreseu/suwoy/

:K10309ITP SATYDIY
00§BAOUT-NPS " yda3Ted " ApuT

:uo Pa3DaTTOD B3RA
Z-02-III-NY

:suweN oTdwes

Z-02-III-N¥



142

Appendix 1 — Spectra Relevant to Chapter 2

utw g ‘Iy T SWr3 Te3or
9€GG9 92ZTS Id

ZH G'0 bButuspeoaq sut]
ONISSHEO0¥d ¥IVd

pa3eTnpow 9T-ZITUYM

uo ATsnonutjuod

gpP 6£ I9Mmog
ZHW 0SPSPPL 66% ‘TH HEIdNODAA
ZHW 76€£2099 'GZT ‘€TI0 HAYESHO
suot3riadex 0002

ZH G 9PPIE UIPTM

o9s zpo'T swr3 -boy

soaxbop 0°'Gy oSTnd

09s 000°'T Aerop "xersy

oxxeaeu :xojexadp ‘Ip# oTdwes
M 1°86Z / D 0°Gz ‘dweg

0T0Z 6T AeW :uo pa3dSTTOD ®3RQ
€TOP2 :3uUSATOS
(Tndzs) Nog¥vyD :®ouesnbes asTng

uz6-Hy) TONOEWVO :STTAPTd
o Z-02-III-NY
:Kx0309xTp oTdures
ejep/sAsawua/oxzeaeu/suoy/
: k103092 TP SATYDIY

19 ng-; 00GBAOUT-NPS ' Yyda3Ted " ApuT
\Ih IZlm\ U0 Pa3PSTTOD 'led
7 4u Z-0Z-III-NY

:oureN oTdures

C-02-III-N¥



143

Appendix 1 — Spectra Relevant to Chapter 2

F o011

T 1€°2

| b 11T

vz

T eot

Jo00'T

D9S G UTW T SWT3 TEIOL
89LZE ©2TSs 1d

ONISSED0¥d VYIVd

ZHN S0S0ZVL 667 ‘TH  HAWIASHO
suoTt3Tiadax 91

ZH 0°0008 UYIPTM

o9s gy0'z swr3 -"boy

soa1bop (°Gy SsTnd

09s 000z Aerop "xer9y

oxxeaeu :xojexadp ‘Qp# oTdwes
M 1°86Z / D 0°Gz ‘dweg

0T0Z 6T AeW :uo pa3dSTTOD ®3RQ
E€TIOPO :3uSaATOS
(Tndgs) NoOio¥d :eouenbas osTng

4 TONOLO¥d :STTAPTI
u6-(s4) T-0Z-III-N¥

(o] :Kzo300xTp o1dwes
ejep/sAsawua/oxzeaeu/suoy/

: k103092 TP SATYDIY
00GBAOUT-NPS " yda3Ted " ApuT

‘g 5 \sm_._- 1uo pPa3LSTTOD e'Ied
J HN—S, 1-0Z-III-NY
/O :oureN oTdures

T-02-III-NY



144

Appendix 1 — Spectra Relevant to Chapter 2

utw gz ‘Iy T SwWT3 Te3IOoL
9€GG9 9zZTSs Id

zH G'Q butuspeoaq surT
DNISSID0dd ¥iIvd

po3jeTnpow 9T-ZITVM

uo ATsnonutjuod

ap 6€ Iomod
ZHW 0SPSPPL 667 ‘TH HIdNODEA
ZHN $6€£2099°GZT ‘€10 HAYESHO
suot3rTiedax 0062

ZH G 9VPIE UIPTM

o9s zy0 T swr3 -"boy

so2xbop (°Gp SsTnd

o9s 000°T AeTsp "xeTay

ozxeaeu :xo3exsado ‘Qp# oTdwes
M 1°86Z / O 0°Gz "dusg

0T0Z 6T AeW :uo po3oSTTOD e3ed
€TOPO :3USATOS
(Tndzs) Nog¥vyD :°oousnbeg osTng
uz6-(sy)
o TONOHYVYD :STTAPTA
T-02-III-NYd
:Kx0300xTp oTdwes
e3ep/sAsawua/oxreseu/suwoy/
:K10309ITP SATYDIY
> ’ 00§BAOUT-NPS " yda3Ted " ApuT
A\ :uo Pa3DaTTOD B3RA
T-02-III-NY
:suweN oTdwes

T-02-III-N¥



145

ISR 2001
Tzt

1+ o060

= ™M} g1t

Lot

J-o00'1
J-88°0

Appendix 1 — Spectra Relevant to Chapter 2

09s ZT uTW T SWT3 Te30L
9€GG9 9zTSs Id
ONISSIDO¥d VYiIvd
ZHW LOSO0ZVL 667 ‘TH  HAMESHO
suot3Tiadex 9T
ZH 0°0008 UIPTM
o9s 006 z swr3 -"boy
soaxbop (°Gy SsTnd
o9s 000°z Aersp "xersy

oxxeaeu :xo3jexadp ‘Qp# oTdwres
M 1°86Z / D 0°Gz "dweg

0T0Z zz dos :uo pa3daTTo2 ejed
€TOPO :3USATOS
(Tndzs) NoIoO¥d :°oouenbeg osTng

TONOLO¥d :STTIPTI

T22-III-Nd
0.6 :Kx0309xTp oTdwes

o e3ep/sAsawua/oxaeaeu/sWOY/
:Kx0309aTp 2ATYDIY

00SeAOUT-NPD ‘' Ydo3Ted " Aput
1uo pPeo3DeTTOD eB3IRA

19 > ng- T22-III-NY
= > ’ :oureN oTdures

patzTand
12Z-III-NJ



146

Appendix 1 — Spectra Relevant to Chapter 2

0.6

utw Ly SWT3 Te3oL
9€GG9 92Ts 14

ZH G°0 mGﬂCWﬁMONQ 2UuTT
ONISSEOO¥d ¥IVd

po3eInpow 9T-ZLTYM

uo ATsnonutjuod

gp 6€ I9Mod
ZHW 0SPSPPL 66% ‘TH HEIdNODEA
ZHW $0%2099 "SZT ‘€TI0 HAYESHO
suot3Tt3iadex QORI

ZH S 9VVIE UIPTM

o9s zpo' T swr3 -boy

soaxbop 0'Gy oSTnd

o9s 000°'T Aerop "xersy

oxxeaeu :xojexadp ‘Qp# oTdwes
M 1°86Z / O 0°Gz "dweg

0T0Z zz dos :uo pa3dSTTOD e3eq
€TOPO :3uUSATOS
(tndzs) NogwvD :oouenbss osTng

TONOEYYD :STTAPTI
T22-III-Nd
:Kx0309xTp oTdureg
ejep/sAsIuua/oxTeARU/SUOY/
:Kx03091TP SATYDIY
00geAOUT-NPS ' ydo3Ted " Aput
V4 1uUo Po3DSTTOD B3ed
S 122-III-Nd
0 :oureN oT1dures

poryTand
12Z2-III-N¥



147

J-o00'1
3180
10t

Appendix 1 — Spectra Relevant to Chapter 2

SWL

D9S G UTW T SWT3 TEIOL
89LZE ©2TSs 1d
ONISSED0¥d VYIVd
ZHN S0S0ZVL 667 ‘TH  HAWIASHO
suoTt3Tiadax 91

ZH 0°0008 UYIPTM

o9s gy0'z swr3 -"boy

soa1bop (°Gy SsTnd

09s 000z Aerop "xer9y

oxxeaeu :xojexadp ‘Ip# oTdwes
M 1°86Z / D 0°Gz ‘dweg

0T0Z 92 Ae :uo pa3dSTTOD ®3RQ
E€TIOPO :3uSaATOS
(Tndgs) NoOio¥d :eouenbas osTng

TONOLO¥d :STTAPTI
ZL-III-NG
:Kx0309xTp oTdures
ejep/sAsawua/oxzeaeu/suoy/
: k103092 TP SATYDIY
00GBAOUT-NPS " yda3Ted " ApuT
1uo pPa3LSTTOD e'Ied
CL-III-NY
:ouwreN oTdwes

ZL-III-N¥



148

Appendix 1 — Spectra Relevant to Chapter 2

utw TG SWT3 Te30L
9€GG9 92Ts 14

ZH G°0 mGﬂCWﬁMONQ 2UuTT
ONISSEOO¥d ¥IVd

po3eInpow 9T-ZLTYM

uo ATsnonutjuod

gp 6€ I9Mod
ZHW 0SPSPPL 66% ‘TH HEIdNODEA
ZHW 712099 'SZT ‘€10 HAYESHO
suot3Tt3iadex (0QGT

ZH S 9VVIE UIPTM

o9s zpo' T swr3 -boy

soaxbop 0'Gy oSTnd

o9s 000°'T Aerop "xersy

oxxeaeu :xojexadp ‘Qp# oTdwes
M 1°86Z / O 0°Gz "dweg

0T0Z LT 390 :uO pa3daTTo> ejed
€TOPO :3USATOS
(tndzs) NogwvD :oouenbss osTng

o TONOSNYD :STTdPTd
98-III-N¥

:Kx0309xTp oTdureg
ejep/sAsIuua/oxTeARU/SUOY/

-] R \:m._- :£103001TP OATYDIY

\ ; HN—S 00GeAOUT-NPS ydo3Ted " ApuT

\\ //0 1uUo Po3DSTTOD B3ed

SINL 98-III-NI
:oureN oT1dures

poryTand
98-III-NI



149

Appendix 1 — Spectra Relevant to Chapter 2

F o066

| ot Lot

Jete

J-s80'1

i ]

00°T
90°T
00°'T
F20°T
> 16°0
T ¥0°T

+
¥

Ll[e] O33N

D9Ss ZT uTw T SWT3 Te3o]
9€G6G9 92TS Id

zH €0 butuspeoxq sutT
ONISSIDO¥d VYIVd
ZHW S0SO0ZVL 66% ‘TH  HAYESHO
suot3Ttiadax 97

ZH 0°0008 Y3IPTM

o®s 00G'z swr3 ‘boy

soaxbop 0'Gy oSTnd

09s 000z Aersp ‘xersy

Kembuey :xojexsdp ‘Qp# oTduwres
M 1°86Z / O 0°Gz "dweg

0I0Z 9 3IP0 :uo Pa3IDSTTOD ejed
€TOPO :3juUSATOS
(tndzs) NoOLO¥d :oousnbsg osTnd

TONOLO¥d :STTAPTI
VLTI-ITII-NI

:Kx0309xTp oTdureg
e3ep/sAsawua/Lembuer/suoy/

:Kx03091TP SATYDIY
00GBAOUT-NPS " yoa3Ted " ApUuT

:uo pPa3OSTTOD e3Ied
VLI-III-NY

:oureN oT1dures

parztand
YLI-III-NY



150

Appendix 1 — Spectra Relevant to Chapter 2

O\

uTw g SWr3 Te3Ion
9€GG9 9ZTS ILd

ZH G'(0 butuspeoaq sutT
ONISSEO0¥d ¥IVA

pa3jeTnpow 9T-ZITYM

uo ATsnonutjuod

gp 6£ I®Mmog
ZHW 0SPSPVL 667 ‘TH HETIdNODHA
ZHW $TP2099°GZT ‘€TI0 HAMESHO
suot3Tiadex Q00T

ZH G 9PPIE UIPTM

o9s zp0o'T =swr3 "boy

sooxbop (°'Gy osTnd

o9s 000°T Aerop "xeTsy

Kembuey :xo3exsdp ‘Qp# oTdwres
M 1°86Z / D 0°Gz "dweg

0T0Z 9 13ID0 :UO Po3DSTTOD ejeq
€TOPO :3UaATOS
(Tndzs) NogyyD :oduenbas esing

TONOENVYD :STTJIPTI
VLI-III-NA

:Kx0309xTp oTdwes
e3ep/sAsawua/Aembuery/suoy/

:Kx0309aTp 2ATYDIY
00SeAOUT-NPD ‘' Ydo3Ted " Aput

1uo pPeo3DeTTOD eB3IRA
PLI-III-NY

:owreN oTdures

patzTand
VLI-III-NJ



151

Appendix 1 — Spectra Relevant to Chapter 2

wdd

=3 006

J-z20°¢€

1860

oo = NN
© o o wo
oo N 0 &
i b bk
L
| 7 |
O 86
B ng-;
ud R ’
3N HN—S
A\
o

D9S (Q UTW p SWT3 Te3OoL
9€GG9 9ZTS ILd
zZH z'(0 butuspeoaq sutrT
ONISSEO0¥d VIvVd
ZHN €9%0ZVL° 667 'TH  HAYESHO
suot3riadex zg
ZH 0°0008 Y3IPTM
o9s 00G 'z swr3 -"boy
sooxbop (°'Gy osTnd
o9s 000°G AeTsp ‘xeTay

Kembuey :zojexsdo ‘gT4 oTdwes
M 1°86Z / O 0°Gz "dusg

0T0Z 0€ dos :uo pa3PSaTTo2 ejed
€TOPD :3uSATOS
(Tndzs) NolLoO¥d :°oousnbeg osTng

€0NOLO¥d :STTAPTA
TSZ-S0Ad
:Kx0300xTp oTdwes
e3ep/sAsauua/Aembues/suoy/
:K10309ITP SATYDIY
00§BAOUT-NPS " yda3Ted " ApuT
:uo Pa3DaTTOD B3RA
1SZ-90A%
:suweN oTdwes

TGZ-SOAM



152

Appendix 1 — Spectra Relevant to Chapter 2

uTw LT SWT3 Te3oL

9€GG9 92TS L4

ZH G°0 mﬂ.ﬂﬂwﬁmo.ﬂﬂ [UuTT
ONISSEOO¥d VIVd

pe3jeTnpow 9T-ZITVM

uo hHmSOﬂEﬂHEOU

gP 6£ I=SMOog
ZHN 0SPSPPL 667 'TH HEIdNODHA
ZHN $T¥Z099°GZT ‘€10 HAWHASHO
MGO._HH..HUQQOH Z1S

ZH S 9PVIE UIPTM

o9s zy0'T swr3 ‘boy

sooxbop (°'Gy osTnd

09s 000 T AeTep -xer1sy

Kembuey :xojexedp ‘g4 oTdwes
M 1°86Z / D 0°S§z ‘dusg

0102 0¢ deos :uo pa3PeTToD ®3ed
£TPPO :3uSATOS
(Tndzs) NogwvD :oousnbas asTng

ZONOgYVYD :STTAPTI
TG2-S0AM
:Kxo0309aTp oTdwes
e3ep/siAsauua /Kembues/swoy/
:£103093TP SATYDIY
00SBAOUT-NPS " Yoo3TeD  ApuT
juo po3LSTToD ®ilRA
T1SZ-90AM
:ouwreN oTduwres

1S2-50A%



153

Appendix 1 — Spectra Relevant to Chapter 2

= €€°6
= T0°€

18670
1+ L6°0

— et o0'T

0°T
}: 66°0

T 60

86°0
ﬂi 66°0

L ~F70°T

et

~

=

D9S ( UTW § SWT3 TEIOL
9€GG9 °zTs 1Jd
ONISSED0¥d VYIVd
ZHN S0S0ZVL 667 ‘TH  HAWIASHO
suot3Tiadex Z¢

ZH 0°0008 UYIPTM

o9s 005z swr3 "boy

soa1bop (°Gy SsTnd

09s 000§ Aerop "xeroy

Kembuey :zojexadp ‘pci ordures
M 1°86Z / O 0°Gz ‘dueg

0I0Z T 3IP0 :uo pPa3DITTOD ejed
E€TIOPO :3uSaATOS
(Tndzs) NOLO¥d :®dousnbeg asTng

TONOLO¥d :STTAPTI
T92-G0AY
:Kx0309xTp oTdures
ejep/sAsauua/Aembuesy/suoy/
: k103092 TP SATYDIY
00GBAOUT-NPS " yda3Ted " ApuT
1uo pPa3LSTTOD e'Ied
T92-S0A4
:ouwreN oTdwes

192-90A%



154

Appendix 1 — Spectra Relevant to Chapter 2

uTWw LT SWT3 Te3OL
9€GG9 92ZTS Id

ZH G'0 bButuspeoaq sut]
ONISSEO0¥d ¥IVd

pajeTnpow 9T-ZITVYM

uo ATsnonutjuod

gpP 6£ I9Mmog
ZHW 0SPSPPL 66% ‘TH HEIdNODAA
ZHW €€%¥2099 'GZT ‘€TI0 HAYESHO
suot3yriadex ZIg

ZH G 9PPIE UIPTM

o9s zpo'T swr3 -boy

soaxbop 0°'Gy oSTnd

09s 000°'T Aerop "xersy

Kembuey :zojexadp ‘pci ordures
M 1°86Z / O 0°Gz ‘dueg

0T0Z T 3P0 U0 Pa3DSTTOD e3Ieq
E€TIOPO :3uSaATOS
(Tndzs) NoguvD :opuenbas osing

TONOEYYD :STTAPTI
T92-G0AY
:Kxz0300aTP °Tdures
ejep/sAsauua/Aembuesy/suoy/
:£103093TP SATUYDIY

00GBAOUT-NPS " yda3Ted " ApuT
1uo pPa3LSTTOD e'Ied

T92-S0A4
:ouwreN oTdwes

192-90A%



155

Appendix 1 — Spectra Relevant to Chapter 2

wdd

1-€8°8

F ooz

860

~ Y 10z

T 861

1660

Mo
L 8 6 0T

D9S ( UTW y SWT} Te3oL
9€GG9 92Ts 14

ZH g'0 butuspeoxaq surT
ONISSEO0¥d ¥iIvd
ZHW Z0S0ZVL 667 ‘TH IAEISEO
suot3tiadex zg

ZH 0°0008 UYIPTM

o9s 005z swr3 "boy

soaxbsp 0°gy osTnd

09s 000§ Aerop "xeroy

Kembuey :zojexadp ‘Lcf oTdures
M 1°86Z / O 0°Gz ‘dueg

0I0Z C 3P0 :uo pPa3DITTO2 ejed
E€TIOPO :3uSaATOS
(Tndzs) NOLO¥d :®dousnbeg asTng

TONOLO¥d :STTAPTI

0 €S SET-I-TaY
:Kx0309xTp oTdures

ejep/sAsauua/Aembuesy/suoy/
: k103092 TP SATYDIY

ng-} 00GeAOUT-NPS " Yyoo3TeDd " ApuT

\I, HN—S 1uo pPa3LSTTOD e'Ied
J Y SET-I-1a¥
:oureN oTdures

GET-I-Ta¥



156

Appendix 1 — Spectra Relevant to Chapter 2

utw yg Swrtl Te3jon

9€9G9 9ZTs Id

ZH G'(0 butuspeoxq surT
ONISSED0¥d YiIvd

pejeTnpow 9T-ZITYM

uo ATsnonutjuod

gpP 6£ ISmog

ZHW 0SPSPPL 66% ‘TH HTANODHA
ZHW 98G2099°GZT ‘€TI0 HAWASHO
suoT3T3Iadax Q00T

ZH G 9PPIE UIPTM

o9s zpo'T swr3 -boy

soaxbop (°'Gy osTnd

o9s 00T Aersp ‘xersy

Kembuey :zojeasdp ‘Lcf oTduwes
M 1°86Z / O 0°Gz ‘dusg

0I0Z Z 3IDP0 :uo PIIDSTTOD eledq
£TOPO :3USATOS
(Tndzs) Nog¥vD :oousnbss asTnd

TONOEYVD :STTAPTA

0 €s SET-I-TAY
:Kxo0309xTp oTdwes

e3ep/sAsauua/Kembuey/suoy/

™ ng4 :£103091TP SATYDIY
- V4 00GeAOUT-NPS " YDa3TeD " ApUT

\II _._le// :uo pPe3OLTTOD BIRA
o SET-I-Ta¥

:oureN oTdwes

GET-I-Ta¥



157

Appendix 1 — Spectra Relevant to Chapter 2

Fz1'6

J-96°T

Fg6°0

I 86

00

20°
86

-~
10T

©9s Qf uUTW 9 SWT3 TeIOL
9€9G9 9ZTs IJd

ZH g'0 butuspeoxaq surT
ONISSED0¥d VYIVd
ZHN S0S0ZVL 667 ‘TH  HAWIASHO
suot3Tiadex Z¢

ZH 0°0008 UYIPTM

o9s 005z swr3 "boy

soa1bop (°Gy SsTnd

o9s 000 0T AeTsp ‘"xersy

Kembuey :zojexadp ‘gey ordures
M 1°86Z / O 0°Gz ‘dueg

0I0Z C 3P0 :uo pPa3DITTO2 ejed
E€TIOPO :3uSaATOS
(Tndzs) NOLO¥d :®dousnbeg asTng

€0NOLO¥d :STTAPTI
LTZ-GOAY
:Kx0309xTp oTdures
ejep/sAsauua/Aembuesy/suoy/
: k103092 TP SATYDIY
00GBAOUT-NPS " yda3Ted " ApuT
1uo pPa3LSTTOD e'Ied
LTZ-S0OA4
:ouwreN oTdwes

LTZ-S0AY



158

Appendix 1 — Spectra Relevant to Chapter 2

001

ng-

IZ||M7

utw g SWr3 Te3on

9€GS9 92ZTS Id

ZH G'0 DButuspeoaq sutT]
ONISSEOO¥d ¥IVd

pe3eTnpow 9T-ZILTYM

uo MHmSOEGﬂUGOO

gpP 6£ I9MOg
ZHN 0SVSYPL 667 ‘TH HTdNODHA
ZHW $0%2099 'GZT ‘€TI0 HAYASHO
suoT3Tiadax 000T

ZH G 9VVIE YIPTM

o9s zpo'T swr3 -"boy

soaxbop 0°'Gy osInd

09s 000°'T Aersp -xeTsy

Kembuey :zojexedp ‘g9c# oTdures
M 1°862 / D 0°Gz ‘dueg

0T0Z Z 320 :uo pPe3DSTTOD eleq
€TIOPO :3uSATOS
(1ndzs) Nog¥vD :oduenbas osTng

ZONOENYD :OTTAPTA
LTZ-GOAM
:Kx0309xTp °oTdwes
ejep/sAsauua/Aembuesy/suoy/
:KAx03091TP SATYDIY
00GeAOUT-NPS ' yda3Ted " ApuT
1uo Pe3DSTTOD ®BIRA
LTZ-S0A4
:ouwreN oTdwes

LTZ-SOAY



159

Appendix 1 — Spectra Relevant to Chapter 2

Jo00'1T

3260

~13so0°T

SWL

0 10k

ng-

S HN—
IN° HN M9

09s ZT uTw T SWT3 Te305
9€9G99 9zZTs Id
ONISSIDO¥d VIVd
ZHW S0S0ZVL 66% ‘TH  HAYESHO
suot3Tiadex 9T
ZH 0°0008 U3IPTM
o®s 00 'z swry "boy
soaxbop 0'Gy oSTnd
o9s 000°z Aersp ‘xersy

oxzeaeu :zojexado ‘op# ordures
M 1°86Z2 / O 0°GZ "dusg

0T0Z €T 3ID0 :UO PS3IDSTTOD eleq
€IOPO :3juSATOS
(Tndzs) NoOLO¥d :oousnbsg osTnd

TONOLO¥d :STTAPTI
GEZ-III-NY

:Kx0309xTp oTdures
e3ep/sAsawua/oxresRU/SWOY/

:Kx030091TP SATYDIY
o0ogeAOUT-nPS ' Yydo3Ted " Aput

1uo Pe3DSTTOD B3ed
GEZ-III-N¥

:ouwreN oT1dures

porztand
GEZ-III-NY



160

Appendix 1 — Spectra Relevant to Chapter 2

uTw TG SWT3 TeIOL
9€GG9 92TS Id

ZH G'(0 butuspeoaq sutT
ONISSED0¥d ¥IVA

pajernpou 9T-ZITYM

uo NHMSOBGMUGOU

gp 6£ I9mog
ZHW 0SPSPPL 66% ‘TH HEIdNODEA
ZHW $0%2099°SZT ‘€TI0 HAMESHO
suotr3Tiadex 00GT

ZH G 9PPIE UIPTM

o9s zyo'1 swr3 -boy

soaxbop 0'Gy OSTnd

o9s 000°T Aerop "xeTsy

oxzearu :xojexado ‘Qp# oTdwes
M 1°86Z / D 0°Gz "dweg

0T0Z €T 3P0 U0 PI3DSTTOD e3ed
E€TOPO :3juSaATOS
(Tndzs) NOguyD :°odouenbas osTnd

0 101 TONOEYYD :STTJPTA
GEZ-ITII-NY

:Kx0309xTp oTdwes
e3ep/sAsawua/oxzeaRU/SWOY/

= > ng-} :£10309ITP SATYDIY

S 7 ' IZ||w\ 00GeAOUT-NPS " Yyoa3Ted ApuTt
A\ :uo pa3oeTToD BIRd

° GEZ-III-NY

:oureN oT1dureg

patzTand
GEZ-III-NY



161

Appendix 1 — Spectra Relevant to Chapter 2

wdd

M- €0°2

D9S ( UTW § SWT} TEBIOL
9€GG9 9zZTs 14
ONISSIDO¥d YiIvd
ZHA Z0S0ZVL 667 'TH HANISEO
suot3tiadex zg¢

ZH 0°0008 UIPTM

o9s 00G'z swr3 -boy

soa1bsp (0°Gy osTnd

o9s 000°S AeTsp "xeray

Aembuey :xo3exadp ‘ge# oTdwes
M 1°86Z / D 0°Gz "dwsg

0TI0Z 9 300 U0 PSJIOSTTOD ejeq
€TOPD :3juaATOS
(Tndzs) NoLo¥d :oduenbas osTng

TONOLO¥d :STTAPTA
6L2-SDAM
:Kx0309xTp oTdwes
ejep/sAsauua /Kembuesy/swo
cs 0% Jep/ / A/ u/
:Kx0309aTP @ATYDIY
00GBAOUT-NPS " yDa3Ted " ApuT
19 O33N :uo peo30eTTOD e3Rd
6L2-S0AT
:suweN oTdwes

6L2-S0AM



162

Appendix 1 — Spectra Relevant to Chapter 2

SS

197N

O3

O

uTw LT SWT3 Te30]
9€GG9 92Ts 14

2ZH G'(Q bButuspeoaq surT
DNISSIED0¥d WIvVd

pPo3eInpou 9T-ZILTVM

uo ATsnonutjuod

gp 6€ Iomod
ZHN 0SPS¥vL 667 ‘TH HTdNODHA
ZHW 1892099 °GZT ‘€ID HAMESHO
suot3rtiadex ZIg

ZH G 9VVIE UIPTM

o9s zy0 T swr3 -boy

soa1bop (°Gp osTnd

29s 000°'T AeTsp ‘xeToy

Kembuey :zojexsdp ‘ge# oTdwes
M 1°862 / D 0°Gz ~duwsg

0T0Z 9 13IO0 :UO PIIDSTTOD ®e3eq
£TOP® :3juaATOS
(Tndzs) NogywDd :oouenbeg osTng

TONOENVYD :STTJPTI
6LZ-SOAM
:Kx0309xTp oTdwes
ejep/sAsauua/Aembuesy/suoy/
:£1030921TP SATYDIY
00SBAOUT-NPS " yda3Ted " ApuT
:uo pPa3daTTOD B3R
6LZ-S0AN
:sureNy oTdures

6LZ-S0AM



163

Appendix 1 — Spectra Relevant to Chapter 2

112

= ¥v0'T

~=—00"T

19

9S8

O3

O3

D9S ( UTW y SWT3 Te3oL
9€GG9 92Ts 14

ZH z'0 butuspeozq sutT
DNISSHEDO¥d YiIvVd
ZHN G0S0ZVL 667 'TH  HAYESHO

suot3Ttiadex gzg

ZH 0°0008 U3IPTM

o9s 00G°z swr3 "boy

soa1bop 0°Gy osTnd

D®s 000°'S Aerep "xersy

Kembuey :zojexsdo ‘pecy oTdwes
M 1°862 / D 0°Gz ~duwsg

0T0Z § 3IO0 U0 PIIDSTTOD ®e3eq
€TOP2 :3juSATOS
(Tndzs) NoOlLO¥d :®ouenbeg osTng

TONOLO¥d :STTAPTA
T82-S0AX
:Kx0309xTp °Tdwes
ejep/sAsauua/Aembues/suoy/
:£103091TP SATYDIY
00GBAOUT-NPS * Yyoo3Ted " Aput
:uo pPa3daTTOD B3IRA
182-50A%
:oureNy STdures

T82-S0A4



164

Appendix 1 — Spectra Relevant to Chapter 2

D9S Gy UTW g SWT3 Te3oL

9€G6G9 9zZTS Id

2ZH G'0 butuspeoaq surtT
ONISSED0¥d ¥IVd

pejeTnpour 9T-ZLTYM

uo ATsnonurjuod

gp 6€ ISmog

ZHW 0SPSPPL 667 ‘'TH FIdN0ODEA
ZHA ¥0¥2099 SZT ‘€10 HAMESHO
suot3T3iadax 9GZ

ZH G 9VVIE YIPTM

oes zyQ'T swr3 -boy

soaabop 0°Gy osTnd

09s 000 T Aersp -"xersy

Kembuey :zozexado ‘pe# orduwes
¥ 1°862 / O 0°Gz "dusg

0T0Z § 3ID0 U0 PI3DISTTOD eieq
E€TIOPO :3jusAToOS
(Tndzs) Nog¥vD :oousnbag osTnd

TONOEYVD :STTAPTI
182-S0A%
:Kx0309xTp oTduwes
e3ep/sAsauua /Kembuesy/suoy/
:£103093TP SATYDIY
00§BAOUT-NPS " Yoo3TeD " ApuT
iuo pPa3dSTTOD B3IRd
18Z-90AM
:oureNy oTdwres

9s

19 O33N

O\

182-5DAY



165

;101
zo'1
I 0"
I~ €0°

101
M- 101

J- 0076

- 00
0
T 10°T
= G96°0
10°T

a4

Appendix 1 — Spectra Relevant to Chapter 2

D9S (Q UTW p SWT3 TeIOL
9€G6G9 9ZTs 14

2ZH z°'0 Bbutuspeoxaq sut1
ODNISSID0dd YI¥d

ZHW S0G0ZvL 667 ‘TH HAYISEO
suotjTiedax z¢

ZH 0°0008 Y3IPTM

o®s 00G'z swr3 “boy

soaxbop (0°'Ggy oSsTnd

o9s 000°S AeTsp -"xersy

Kembuey :zojexsdo ‘pey ordwes
¥ 1°86Z / O 0°Gz ‘dweg

0T0Z Tz des :uo pe3deTo2 ejeq
€TIOPDO :3juaAToOS
(Tndzs) NOLO¥d :®ousnbeg asTng
Vol
TONOLO¥d :STTJPTA
€22-90A
:Kx0309xTp oTdue!
19 7, 09N TP ST S
ng4, _N* ejep/sAsauua/Kembuesy/swoy/
: 103092 TP SATYDIY
osI 00GeBAOUT-NPS " yd23Ted " ApuT
U0 pPa3OSTTOD eB3lRQ
€22-S0A%
:oureNy oTdwes

-

o=wn

€22-90A%



166

Appendix 1 — Spectra Relevant to Chapter 2

ol

19 03N
ng4, N7
s _
o 03I

uTw yg Swr3l T30l
9€GG9 92Ts 14

2ZH G'(Q bButuspeoaq surT
DNISSHEDO¥d YIVd

pPo3eInpou 9T-ZILTVM

uo ATsnonutjuod

gp 6€ Iomod
ZHW 0S¥SPPL 667 ‘TH EIdN0ODEA
ZHW Z¥¥Z2099°62T ‘€ID HAWASHO
suot3Tiedex 0001

ZH G 9VVIE UIPTM

o9s zy0 T swr3 -boy

soa1bop (°Gp osTnd

29s 000°'T AeTsp ‘xeToy

Kembuey :zojexsdo ‘pecy oTdwes
M 1°862 / D 0°Gz ~duwsg

010Z 1z des :uo pe3deIToD ®3RQ
€TOP2 :3jueATOS
(Tndzs) NogywDd :oouenbeg osTng

TONOENVYD :STTJPTI
€2Z-S0A%
:Kx0309xTp oTdwes
ejep/sAsauua/Aembuesy/suoy/
:£1030921TP SATYDIY
00SBAOUT-NPS " yda3Ted " ApuT
:uo pPa3daTTOD B3R
€22-50A%
:sureNy oTdures

€22-90A4



167

Appendix 1 — Spectra Relevant to Chapter 2

O3

(o]

©9s T uTW § SWT3 Te3IOL
9€9G99 9ZTs Id

ZH g'0 butuspeoaq surT
ONISSID0¥d ViIvd
ZHN S0S0ZVL 667 ‘TH  HAWIASHO

suot3tiadex p9

ZH 0°0008 Y3IPTM

oes 00G°'z swr3 "boy

soa1bsp (°Gy SsTnd

o9s 000°§ AeTop "xeroy

Aembuey :xojexsdp ‘Qp# oTduwres
M 1°86Z / D 0°Gz ‘dweg

010Z 6z dos :uo pe3DaTTOD ®B3RQ
E€TOPO :3uaATOS
(Tndzs) NOLO¥d :®ouenbsg asTng

ZONOLO¥d :STTAPTI
€€T-GOAT
:Kx0309xTp oTdures
e3ep/sAsauua/Aembuey/suoy/
:K10309aTP SATYDIY
00GBAOUT-NPS " yda3Ted " ApuT
1uo Po3ILSTTOD eBIRd
€€2-90A%
:sweN sTdwes

€ET-GOAM



168

Appendix 1 — Spectra Relevant to Chapter 2

901

O3

m ﬁ// O3

uTw g SWT3 Te3or

9€GG9 °ZTS 14

ZH §°0 mﬂ.ﬂGOUMOHQ 2UTT
ONISSHEIO0¥d ViIvd

pa3jeTnpou 9T-ZITYM

uo \AHMEO—‘—G..HUGOU

gp 6€ Iamod

ZHN 0SPSPPL 667 ‘TH HTANODHA
ZHN €Z%2099°GZT ‘€10 HAYISHO
MGO._"H..HUQQOH 000T

ZH G 9PVIE UIPTM

09s Zy0°' T SwTt3l .UU@

m@@“@@ﬁ 0°S¥ °sIng

098 000°T MMHwﬁ ‘XeT9y

Kembuey :zojexadp ‘Qp# oTdwes
M 1°862 / D 0°§z ‘dwsg

010Z 6z des :uo pe3deTTOoD ®3RQ
€TOPD :3jusATOS
(Tndgs) NogwvD :oousnbss asTnd

Z0NOgYYD :STTJAPTA
€€T-S0AM
:Kzoj3oeaTp oTdwes
ejep/sAsauua /Aembuey/swoy/
:Kx03091TP SATYDIY
00GeAOUT-NPS " yda3Ted " ApuT
:uo peo3daTTOD e3ed
£€T-G0AM
:oureNy oTdures

£€C-G0AM



169

o o ONKFEN o o o oo
9 823k e s3 g gee
. A h o
wdd T z € i S 8 6 0T

g
-~

Appendix 1 — Spectra Relevant to Chapter 2

————

=
=

D9S ( uTW y SWT3 Te30L
9€GG9 9ZTS Id
ODNISSIED0¥d ¥WIvd
ZHW S0S0ZVL 66V 'TH  HAWASHO
suoT3Ttiadex zg

ZH 0°0008 Y3PTM

o9s 00G°z swr3 "boy

soa1bop 0°Gy osTnd

D®s 000°'S Aerep "xersy

Kembuey :zojexsdp ‘ge# oTdwes
M 1°862 / D 0°Gz ~duwsg

0T0Z € 3IO0 :UO PI3IDSTTOD ®e3ed
£TOP® :3juaATOS
(Tndzs) NOILoO¥d :oousnbeg ssTng

TONOLO¥d :STTAPTA
GET-OAA
:Kx0309xTp °Tdwes
ejep/sAsauua/Aembues/suoy/
O3 :£10309ITP SATYDIY
00GBAOUT-NPS * Yyoo3Ted " Aput
:uo pPa3daTTOD B3IRA
SET-OAM
:oureNy STdures

O3

GET-SOAA



170

Appendix 1 — Spectra Relevant to Chapter 2

uTw pg Swrl Te3or
9€6G9 92TS Id

ZH G'0 butuspeoxaq sut
ONISSEDO0¥d VI¥d

pejernpow 9T-ZITYM

uo ATsnonutjuod

dgP 6£ ISMog
ZHW 0SPSPPL 667 ‘TH HETdNODAA
ZHW $T¥2099°GZT ‘€ID HAWHASHO
suot3riadex 0001

ZH G 9VFIE UIPTM

o9s zy0'T swry "boy

so9xbop (°'Gy osTnd

D9s 000 T AeTsp -"xeTlayw

Kembuey :zojexado ‘ge# ordues
¥ 1°862 / O 0°Gz "dusg

0T0Z € 3IP0 U0 PIIDISTTOD e3Ieq
£TPPO :3usATOS
(Tndzs) Nog¥vD :oousnbag osTnd

TONOENYD :oTTAPTA

GET-DAM
:Kx0309xTp oTduwes

_ o Ol e3ep/sAsauua /Kembuesy/suoy/
:£103093TP SATYDIY

r// O3 00§®AOUT-NPS " yda3Ted " ApuT
1uo pe3PeTTOd BIRQ

SET-OAM
:oureN oTdures

SET-DAM




171

Appendix 1 — Spectra Relevant to Chapter 2

HHEHKRWRHE N B
NHENW RR N R
GO RO NRE A R

Ahrrhid o o

Fett
1+
}

J-00'T

R UL

N*

801

O33N

O

D9S ZI UTW T SWTI3} Te3oL
9€GG9 92Ts 14

2ZH z'0 bButuspeoaq sutT
DNISSHEDO¥d YIVd
ZHW S0S0ZVL 66V 'TH  HAWASHO

suoT3Tiadax 91

ZH 0°0008 Y3IPTM

o9s 00G°z swr3 -boy

soa1bop -Gy osTnd

o®s 000°'Z Aerep ‘xersy

oxxeaeu :xojexsdo ‘94 oTdwes
M 1°862 / D 0°Gz ~duwsg

0T0Z 0Z 3IP0 :UO PIIDSTTOD ®'3eq
€TOP2 :3jueATOS
(Tndzs) NoloO¥d :®ouenbeg osTng

TONOLO¥d :STTAPTA
9€Z-III-N¥

:Kx0309xTp oTdwes
ejep/sAsIuua/oxreseu/sSwoy/

:£103091TP SATYDIY
00GBAOUT-NPS " Yydo3Ted " Aput

:uo pPa3daTTOD B3R
9€Z-III-NY

:sureNy oTdures

9€Z-III-N¥



172

Appendix 1 — Spectra Relevant to Chapter 2

utw TG SWT3 Te3oL

9€GG9 92TS Id

ZH G'0 burtuspeoaq surT
ONISSEO0¥d VIvd

pe3eTnpou 9T-ZLTYM

uo hHmSOSC.ﬂUﬂOU

dgp 6£ I®Mmog
ZHW 0SPSPPL 667 ‘IH HEIdNODHA
ZHW $0%2099°GZT ‘€TI0 HAMESHO
suot3Tiadex QO0ST

ZH G 9%PIE UIPTM

o9s zpo'T swr3 ~boy

sooxbop (°'Gy osInd

o9s 000°'T Aersp "xersy

oxzeaeu :xo3jexadp ‘9p# oTdwes
¥ 1°862 / D 0°Gz ‘dueg

0T0Z 0Z 390 :uo Pa3DSTTO2 ejed
£TOP° :3uSATOS
(Tndzs) NogywDd :oouenbeg osTng

TONOENMVYD :STTJPTA
9€Z-III-Nd

:Kx0309xTp oTdwes
ejep/sAsawua/oxzeAeu/sWOY/

801

:K10309aTP SATYDIY
“, O3 00GBAOUT-NPS * Yyo23Ted " APUT
N :uo p930eTToD ®3Rd
0o 9€Z-ITI-Nd
:oureNy oTdwes
patztand
9€Z-III-N¥



173

Appendix 1 — Spectra Relevant to Chapter 2

wdd

=— L6°8

T €01

J-80°¢€

J* €1°2

Fvot

96°C
< 00°€

]

=
-

ool
HFROWOL4
BT b
9 L
| 7 | | 7 |
=
€Ll
OoEO [oJ1)]
7N\
ng+,18 of —
‘S—N" *
o ew

©9s ( UTW § SWT3 Te3IOL
9€9G99 9ZTs Id

ZH g'0 butuspeoaq surT
ONISSID0¥d ViIvd
ZHN S0S0ZVL 667 ‘TH  HAWIASHO

suot3Tt3iadex z¢

ZH 0°0008 YIPTM

oes 00G°'z swr3 "boy

soa1bsp (°Gy SsTnd

o9s 000°§ AeTop "xeroy

Aembuey :xojexsdp ‘ce# oTdures
M 1°86Z / D 0°Gz ‘dweg

010z Tz dos :uo pe3oaTTOD e3ed
E€TOPO :3uaATOS
(Tndzs) NOLO¥d :®ouenbsg asTng

TONOLO¥d :STTAPTI
G02-S0AM
:Kx0309xTp oTdures
e3ep/sAsauua/Aembuey/suoy/
:K10309aTP SATYDIY
00GBAOUT-NPS " yda3Ted " ApuT
1uo Po3ILSTTOD eBIRd
S02-90A%
:sweN sTdwes

G02-S0AM



174

Appendix 1 — Spectra Relevant to Chapter 2

uTw yg Swr3l T30l
9€GG9 92Ts 14

2ZH G'(Q bButuspeoaq surT
DNISSHEDO¥d YIVd

pPo3eInpou 9T-ZILTVM

uo ATsnonutjuod

gp 6€ Iomod
ZHW 0S¥SPPL 667 ‘TH EIdN0ODEA
ZHW Z¥¥Z2099°62T ‘€ID HAWASHO
suot3Tiedex 0001

ZH G 9VVIE UIPTM

o9s zy0 T swr3 -boy

soa1bop (°Gp osTnd

29s 000°'T AeTsp ‘xeToy

Kembuey :zojexsdp ‘gcg4 oTdwes
M 1°862 / D 0°Gz ~duwsg

0T0Z TZ dos :uo pa3PSTTo2 ejed
£TOP® :3juaATOS
(Tndgs) NogyvD :eduenbas osTng
€L
o TONOSY¥VD :9TTJPTI
°No  O°N §0Z-50AY
:Kx0309xTp oTdwes
ejep/sAsauua/Aembuesy/suoy/
:£103091TP SATYDIY
Mm.lz % 00GBAOUT-NPS " Yydo3Ted " Aput
O\ 3 :uo pe3d0eTTOD eBIRA
S0Z-50A%
:sureNy oTdures

S02-S0A4



175

I L6°0

€6°C
o+ 66°C

-96°1

J-96°0

J-o00'T

J-86°0

Appendix 1 — Spectra Relevant to Chapter 2

D®S ( UTW p SWT3 Te3oL

9€GG9 92Ts Id

ZH Z°0 m:.ﬂﬁm.ﬁmo.ﬂa QuTT
ONISSIDO¥d YI¥d

ZHW Z0S0ZVL 667 'TH HTAYISEO
suot3tiedex zg

ZH 0°0008 U3IPTM

09®s (00§ °Z SwT3 .UU¢

soaabop 0°Gy osTnd

o®s (000°S NNHOU ‘XeT9y

Kembuey :xo3exadp ‘Typ# ordures
M 1°86Z / D 0°Gz ‘duwsg

0T0Z TIE 3IDP0 :UO PIJIDSTTOD ®BIRA
£TOPD :3UDATOS
(Tndzs) Noloud :oousnbss osTna

€0NOLO¥d :STTAPTI
L90-90AY
:Kxz0309aTp oTdwes
ejep/sAsauua/Aenbuesy/swoy/
:K103091TP SATYDIY
00GeBAOUT-NPS " yda3Ted  Aput
:uo pa3”SaTTOD Bled
L90-90A¥
:oureNy oTdwes

ISWOSI-Z
L90-90A%



176

Appendix 1 — Spectra Relevant to Chapter 2

O3

utw yg SwT3 Te3joL
9€G6G9 9zTS ILd

ZH G'(0 DPutuspeoxq sutrT
ONISSHOO¥d YIVd

pS3eTnpow 91-ZLTYM

uo hHmSOH—C.ﬂuﬂOU

gpP 6£ ISMOg
ZHW 0SYSPVL 66% 'TH HEIdNODIA
ZHN 0062099°GZT ‘€10 HAYESHO
suot3T3adax Q00T

ZH G 9VVIE UIPTM

o9s zy0'T awr3 "boy

soaabsp (°'Gy osTnd

o9s 00T AeTop "xereoy

Kembuey :zojeasdo ‘Tp# oT1dwes
M 1°862 / O 0°Gz ‘duwsg

0T0Z IE 300 :uo pPa3DS3TTOD ejed
£TOpPO :3usATOS
(Tndzs) NogyyD :oduenbes osTng

ZONOEYYD :STTAPTI
L90-90A%
:Kxo3o9aTp oTdues
e3ep/sisauua/Aembuery/swoy/
:£103092TP SATYDIY
00GBAOUT-NPS " yDda3Ted " ApuT
:uo Pa3DSTTOD B3RA
L90-90A%
:owreN oTdureg

ISWOSTI-Z
L90-9DA%



177

N3 zo'z

wdd 1

T c0°z

M z6°z

S0°€
86°¢C

3 66°0

J-L6°0

Foo't

- 86°0

~1F L6°0

Appendix 1 — Spectra Relevant to Chapter 2

1

L) [o]

[ol ]

D9S ( UTW F SWT3 TEIOL
9€GG9 92TSs 1Jd
DNISSHED0¥d ¥YIvVd
ZHW G0S0ZVL° 667 ‘'TH  HANESHO
suot3Tiadax Zg
ZH 0°0008 U3IPTM
o9s 00G'z swr3 "boy
soa1bsp (0°Gy SsTnd
09s 000°§ AeTop “xeray

Kembuey :zojexsdp ‘Le4 oTdwes
M 1°86Z / D 0°Gz "duweg

0T0Z 9T 3IP0 U0 PIIDSTTOD e3ieq
€TOP2 :3juSATOS
(Tndzs) NoIO¥d :°ousnbeg @sTng

TONOLO¥d :®TTJIPTA
LEO-9DAN
:Kx0309xTp oTdures
e3ep/sAsauua/Aembuey/suoy/
:£103091TP SATYDIY
00SeAOUT-NP® " Yda3Ted " ApuT
iuo Pe3DSTTOD BIRA
LEO-90AN
:sweN sTdwes

LEO—-90AM



178

Appendix 1 — Spectra Relevant to Chapter 2

LS
L [e] [ol ]

utw yg SwWr3 Te3of

9€GG9 °2TS L4

ZH G°0 mﬁﬂﬂmﬁmo..hn [uUTT
ONISSHOO¥d VIVd

pe3eTnpow 9T-ZLITYM

uo ATsnonutjuod

gp 6€ I9MOg
ZHW 0SPSYPL 667 ‘TH HIdNODEA
ZHN TLVPZ099°GZT ‘€TI0 HA¥IASHO
suoT3T3adex 000T

ZH G'9PVIE UIPTM

o9s zy0 T swry "boy

sooxbop (°'GF osTnd

09s 00T AeTeop "xeTsy

Kembuey :xojezado ‘Lc# o1dures
M 1°862 / D 0°GZ ‘duel

0T0Z 9Z 3ID0 :UuO Pa3OSTTOD eleq
£TOPO :3USATOS
(Tndgs) NogyyD :oouenbes osTng

TONOEYVYD :STTJIPTA
LEO-9DAY
:Kxo0309aTp °oTdwes
e3ep/sdsauua /Aembuery/suoy/
:£x0309aTP SATYDIY
00GBAOUT-NPS ' yda3Ted " Aput
:uo pa3daTToD '3Rd
LEO-9DAY
:sweN oTdures

LEO-9DAY



179

Appendix 1 — Spectra Relevant to Chapter 2

wdd

T vz

ig

i

T oee
~ ™} 601

J ozt

0T €
L ST°€

J-96°0

- 00'T

6ot
L0°T

T eTT
~J 20°1

ﬁ.l;{ﬂllgf§4ﬁ|JlIJJ

-

D9S ( UTW p SWT3 Te3oL

9€G6G9 92ZTS Id

zZH z°'0 bButuspeoxaq surT
DNISSHED0Yd WYIVd
ZHA S0G0ZVL 667 'TH  HAMESHO
suot3t3iadex zg¢

ZH 0°0008 Y3IPTM

o9s 00G'z swry ‘boy

soaabop 0°Gy osTnd

09s 000°G Aersp -xeroy

Kembuey :zojexado ‘ge# ordues
¥ 1°862 / O 0°Gz "dusg

0T0Z 9T 3IP0 :UO PIIDISTTOD e3Ieq
€TOPD :3USATOS
(Tndzs) Nolo¥da :®dousnbss asTng
601

o TONOLO¥d :STTJAPTA

2O, o 6EC—S0AM

:Kx0309xTp oTduwes
e3ep/sAsauua /Kembuesy/suoy/
4 :£10309aTP SATYDIY

N 00SeAOUT-NPS yda3Ted " ApuTt

BN iuo pPa3dSTTOD B3IRd
6€Z-90AM
:oureN oTdures

6E€T-G0AY



180

Appendix 1 — Spectra Relevant to Chapter 2

uTw yg Swrl Te3on
9€GG9 °ZTS Id

ZH G'(Q DPutuspeoiq sutT
DNISSAD0dd VYI¥d

pPa3eInpow 9T-ZITVM

uo ATsnonutjuod

gp 6 I9Mod
ZHW 0S¥SPPL 66% ‘TH HI4NODEA
ZHN €Z%2099°GZT ‘€TI0 HAWASHO
suot3riadax 000T

ZH G '9FPIE UIPTM

o9s zy0 T swr3 "bovy

soa1b9p (°Gp osTnd

09s 000°'T Aelop "xeroy

Kembuey :zojexsdp ‘ge# ordwes
M 1°862 / D 0°Gz ~dwsg

0T0Z 9T 3IP0 :uUO PIIDSTTOD B3R
€TOPD :JuaATOS
(Tndgs) NogywD :eduenbas osTng

601 TONOEYVYD :STTJIPTA
(0] 6E€Z-SOAN
SNO O3 :Kzo0309aTp oTdwes

e3ep/sAsauua/Kembuey /swoy/
:£z103091TP SATUDIY
00§®AOUT-NPS " Yyoo3Ted " Aput
“ IuUo pe3DeTToD ®BlRg
N, 6E£Z-GDAM
:auwreN ordwes

6ET—-SOAN



181

wudd 1

Jvo'1
— N} zi'z

vZ'E
ol

66°C
L 80°¢

00T

- €0°T
= LO°T

= 90°T

Appendix 1 — Spectra Relevant to Chapter 2

3no

D9S (0 UTW § SWT3 Te3oL

9€GG9 92TS Id

ZH Z°'0 bButuspeoxaq sutT
DNISSHEDO¥d YIvd

ZHN S0S0Z¥L 66% 'TH FAJIASEO
suotjT3iadax Zg¢

ZH 0°0008 Y3PTM

o9s 00g°z swr3y "boy

sooabop 'GPy OSTnd

09s 000°'G Aersp "xeTsy

Kembuey :zojexadp ‘g9gc# oTdwes
M 1°86Z / O 0°GZ "dweg

0T0Z 9T 3P0 :UO PIAIDSTTOP ejeq
€TOPD :3USATOS
(Tndgs) NoILoO¥d :sousnbssg ssing

TONOLO¥d :STTJPTA
€¥Z-90A%
:Kxzo03paxTp aTduwes
ejep/sdsawua/Aembues/suoy/
:£x03091TP SATYDIY
00GBAOUT-NPS " Yyoa3Ted " Aput
:uo pe3daTToD '3ed
E€¥2-G0AN
:oweN oTdwes

E€V2Z-90AM



182

Appendix 1 — Spectra Relevant to Chapter 2

3no

utw g SwWr3 Te3on

9€GG9 S2TS Id

ZH G°0 mﬂ.ﬂﬂwﬁmouﬂ ouTT
ONISSEDO0¥d ¥IVd

pajeTnpou 9T-ZLTYM

uo ATsnonutjuod

gP 6£ I®9MOg

ZHN 0SPSPPL 667 'TH FIdNODEA
ZHW 76€2099°GZT ‘€ID HAWIASHO
suot3riadex 0001

ZH G 9PVIE UIPTM

o9s zy0'T swry ‘boy

soaxbop (°'Gy °osInd

09s 000°'T AeTop ‘xersy

Kembuey :zojexsdp ‘9g# oTdures
M 1°86Z / D 0°GZz ‘dusg

0TI0Z 9T 3ID0 :uo PS3DSTTOD ejed
£TOPD :3USATOS
(Tndzs) Nog¥vD :oousnbag ssTng

TONOEYVD :STTIPTA
€¥2-90A1
:Kx0309xTp oTdwes
ejep/sAsauua/Lenbuer/swoy/
:£103092TP SATYDIY
00GBAOUT-NPS ' Yoa3Ted ' ApuT
:uo pPa3dSTTOD e3ed
€7T-S0AM
:sweN oTdwes

E€¥Z-G0A%



183

Appendix 1 — Spectra Relevant to Chapter 2

S1°2
80°T

T vz
ol o

80°T
96°¢C
6T°T

T e6z'1
g

ﬂj .
F1te

T 60

J-o00'T

= 9%0°T

J-10°T

N0

D9S ( UTW § SWT3I Te3I0oL
9€GG9 92TS 1d

zH z'0 Butuspeoxq surT
ONISSID0¥d YIVd
ZHN 002062L 667 ‘TH  HAWASHO
suotjtiedex zg¢

ZH 0°0008 Y3IPTM

oes (0G°'z swry -boy

sooabop (°'Gy oSTnd

o9s 000°S AeTop ‘"xeroy

Kembuey :zojexadp ‘zp# o1dwes
M 1°86Z / O 0°Gz ‘dusg

TT0Z 8Z g4 :UO PIIDSTTOD ®B3eq
€TOPD :3juSATOS
(Tndzs) Nolo¥d :oousnbsg asTng

Z0NOLO¥d :STTAPTA
LZ0-80AX
:Kxo3o09aTp oTdwesg
e3ep/sAsauua/Aembued/suoy/
:£103092TP SATYDIY
00GeAOUT-NPS " yda3Ted " ApuT
:uo PS3VSTTOD e3ed
LZ0-80AY
:oweN oTdures

TeUTWeTWSH
LZ0-8DA%



184

Appendix 1 — Spectra Relevant to Chapter 2

utw g Swt3 Te3or

9€GG9 92Ts Id

ZH G'0 Putuspeoaq surT
ONISSIDO¥d VYIvd

po3eTnpow 9T-ZITVM

uo ATsnonutjuod

gP 6£ I®MOg
ZHN €9TSTEL 667 ‘'TH HTANODIA
ZHN Z§96959 SZT ‘€TI0 HEANESHO
suor3Tiadex 0001

ZH G'9%PPIE UIPTM

o®s zpo' T swry ‘boy

sooxbap 0°Gy osTnd

o9s 000°'T \nm.ﬁw.mv ‘XeToy

Kembuey :xojexedo ‘zp# oTdures
M 1°86Z / D 0°GZ "dwsg

1T0Z 8Z g4 :UO Pa3D3TTOD e3eq
€TOpPD :3usATOS
(Tndzs) NogyyD :oousnbag osTng
X4 B¢}

TONOENYD :®TTAPTA
LZ0-8DAY
:Kxz0309aTp oTdwes
ejep/sAsauua/Aenbuesy/suoy/
:K10309ITP SATYDIY
00SBAOUT-NPS " yDo3Ted ' Aput
:uo pa3P9TTOD eBled
LZ0-8DAX
o :oweN oTdwes

TeuTweTWSH
LZ0-80A%



185

Appendix 1 — Spectra Relevant to Chapter 2

o0zt
3: LO"€E
IT°1

Feo

> 00T
> 20T
3{ L6°0

€0°T

~3F T0°T

D9s ( UTW § SWT3 Te3IOL
9€699 92TSs Id

ZH z'0 butuspeoaq surT
DNISSID0dd YIvd
ZHW 00Z206ZL 66% ‘TH FAYISEO

suot3tiadex zg

ZH 0°0008 Y3IPTM

o9s 005z swry -boy

soaxbop ('gy osInd

o9s 000°G AeTsp "xersy

Kembuey :zxojexedo ‘9p# oTduwres
M 1°86Z / D 0°Gz "duwsg

1T0Z ¢ unp :uo PO3DSTTOD e3ed
€TOPO :3usATOS
(€21) @ suneseyde (Tndgzs) NoOLO¥d :°oousnbes asing
ZONOLO¥d :OTTAPTA
68T-VNY
:Kx0309xTp oTdwes
ejep/sAsauua /Aembues/swoy/
:£103092TP SATYDIY
00GBAOUT-NPS " yda3Ted " ApuT
:uo pe30eTToD 'IRQ
68T-VNY
aNo :sweN oTdwes

a autjexeyds)
68T-7NY



186

Appendix 1 — Spectra Relevant to Chapter 2

(e21) g euneseydas

aNo

utw g ‘Iy T SWT3 Te3or
9€GG9 92TS Id

ZH G'(0 bBbutuspeoaq sutT
ONISSHEO0¥d ¥IvVd

pa3eTnpow 9T-ZITYM

uo NHMQOSGMUGOU

gp 6£ I9dMmog
ZHN €9TSTEL 667 'TH HTANODIA
ZHN €296959°GZT ‘€10 HAYESHO
suot3Tiadex 0002

ZH S 9VPIE UIPTM

o9s zp0 T swr3 "boy

sosxbop (°'Gy oSTnd

o9s 000" T Aerop "xeTsy

AKembuey :xojeasdp ‘9p# oTdures
M 1°86Z / O 0°Gz "duog

TITI0Z 2 unp :uo pa3dSTToD ejed
€TOP2 :3jusATOS
(Tndzs) Nog¥yD :®ousnbes asTng

TONOSNVYD :STTJIPTJ
68T-7NI
:Kx0309xTp oTdures
e3ep/sAsauua/Aembuey/suoy/
:£103091TP SATYDIY
o0SeAOUT-NPD ' Yydo3Ted " Aput
iuo peo3deTTOD e'3IRA
68T-¥NYI
:owreN oTdures

a autjexeydsa)d
68T-VNY



187

€T°€
20°¢

T 607

+o90't
s

hod M
9 L 8 6 ot

Appendix 1 — Spectra Relevant to Chapter 2

D9S ( uUTW § SWT3 Te3oL
9€GG9 9ZTS Id
ONISSED0¥d YiIvd
ZHN €9860€L 667 ‘TH  HAYHASHO
suoT3Tiadax Zg

ZH 0°0008 Y3PTM

o9s 00G°z swr3 "boy

seoaxbsp 0°Gy oSTnd

D®s 000°'G AeTep ‘xersy

Kembuey :zojexsdp ‘ge# oTdwes
M 1°86Z / D 0°Gz ‘dueg

IT0Z € unp :uo Pa3DSTTOD ejed
POEPD :3uSATOS
AmN—.vatamxchmo (Tndzs) NoIO¥d :®ouenbeg osTng
GONOLO¥d :STTAPTA
68T-7N¥
:Kxo0309xTp oTdwes
ejep/sAsauua/Aembuesy/suoy/
:£10309ITP SATYDIY
00GBAOUT-NPS " yda3Ted " Aput
IuUo pe3deTTOD B3Eed
68T-7NI
:suweN oTdwes

68T-VNY



188

Appendix 1 — Spectra Relevant to Chapter 2

(e21) g euneseydes

L/[e]

utw g ‘Iy T SwWr3 Te30L
9€GG9 92TS Id

ZH G'0 burtuspeoaq surT
ONISSEDO0¥d ¥IVd

pe3eTnpou 9T-ZLTYM

uo NHmSOSCﬂHﬂOU

gP 6£ ISMOg
ZHN €9TSTEL 667 'TH HTANODIA
ZHW €2969G9°GZT ‘€TI0 HAMESHO
suot3Tiadex 0002

ZH G 9VPIE YIPTM

o9s zpo'T swr3 ~boy

sooxbop (°'Gy osInd

o9s 000°'T Aersp "xersy

Kembuey :xojexadp ‘9p# oTdwes
¥ 1°862 / D 0°GZ "dwag

TII0Z Z unp :uo pea3dadTIo2 e3ed
€TIOPD :3juSATOS
(1ndzs) Nog¥vD :oouenbas osTng

TONOENVYD :STTIPTA
68T-VYNY
:Kx0309xTp oTdwes
ejep/sAsauua/Aembuer/suoy/
:K10309aTP SATYDIY
00GeAOUT-NPS " yda3Ted " Aput
:uo P30S TTOD ®B3IRA
68T-VNY
:oureNy oTdwes

a sutjexeyds)
68T-YNY



189

T0°T

60°€

cT'T

- 62°€
01]* 80°T
10T
Fso't

06°C

86°¢C

Appendix 1 — Spectra Relevant to Chapter 2

D9S ( UTW y SWT3 Te3oL

9€9G9 9ZTs Id

ZH Z°0 m:..n-hWﬁvﬂnv.Hn SuTT
ONISSED0¥d WIvd

ZHW 00Z06ZL°66% ‘TH  HAMESHO
suot3Tiadex zg

ZH 0°0008 UIPTM

o9s 006z swr3 "boy

soaabop (°Gy osTnd

29s 000°G AeTsp "xeToy

Kembuey :xojexadp ‘zy# oTdwes
M 1°862 / D 0°Gz ‘dueg

1T0Z 0Z IBW :uo Pa3DSTTOD ejed
£TOP° :3juSATOS
(Tndzs) Nolo¥d :oouenbeg osTng

TONOLO¥d :STTAPTA
LTT-7NY
:Kx0309xTp °oTdwes
ejep/sAsauua/Aembuer/suoy/
: k103092 TP SATYDIY
00GBAOUT-NPS " Yyoa3Ted " Aput
:uo pPa3daTTOD e'3IRd
LTT-VNd
:oureNy oTdures

N0

LZT-7NY



190

Appendix 1 — Spectra Relevant to Chapter 2

SN0

utw TG SWT3 Te30L
9€GG9 92TS Id

ZH G'0 burtuspeoaq surT
ONISSEO0¥d ¥Ivd

pe3jeTnpow 9T-ZLTYM

uo hHmSOSCﬂHﬂOU

dgp 6£ I®Mog
ZHW €9TSTEL 667 ‘IH HEIdNODHA
ZHN 2796959 62T ‘€10 HAYISHO
suot3Tiadex QO0ST

ZH G 9%PIE UIPTM

o9s zpo'T swr3 -~boy

soaxbop (°'Gy osInd

09s 000°'T Aersp "xersy

Kembuey :xojexadp ‘zy# oTdwes
¥ 1°862 / D 0°GZ "dwag

TII0Z 0Z IBW :UO Pe3DSTTOP ®3ed
€TIOPD :3juSATOS
(1ndzs) Nog¥vD :®ouesnbas osTng

TONOENVYD :STTIPTA
LTT-7NY
:Kx0309xTp °oTdwes
ejep/sAsauua/Aembuer/suoy/
: k103092 TP SATYDIY
00GeAOUT-NPS " yda3Ted " ApuT
:uo pPe93DeTTOD B3IRA
LZT-7NY
:oureNy oTdwes

LZT-7NY



191

Appendix 1 — Spectra Relevant to Chapter 2

11T

wdd 1

T eoe
~ M} 660

J-L6°0

> 00'T
J-66°0

BT it

(g) suiueuniAxoyjowap-g
Ll [o

D9S ( UTW p SWT3 Te3IOL
9€GG9 9ZTS Id
ONISSHEDO¥d YIvd
ZHW €02062L 667 'TH  HAWISHO
suor3Tiadex zg

ZH 0°0008 Y3IPTM

o9s 00g'Z swr3 ‘boy

so2absp (°'Gy SsTnd

o9s 000°G Aersp "xersy

Kembuey :zojexadp ‘gg# ordures
M 1°86Z / D 0°Gz "duwsg

1102 € ady :uo pa3deTToD e3RQ
€TOpPD :3usATOS
(tndzs) NOLO¥d :oousnbes osTng

ZONOLO¥d :STTJIPTA
CYT-vNY
:Kx0309aTp aTdwes
e3ep/sisauua/Kembuey /swoy/
:Kx03091TP SATYDAY
00GeBAOUT-NPS " YyDa3TeD ' ApUT
:uo pe3OaTTOD e'IRd
CYI-vNY
:sweN oTdures

ZVI-vNg



192

Appendix 1 — Spectra Relevant to Chapter 2

(g) suiueuniAxoyjowap-g
Ll [

Ll [o]

utw TG SWrT3 Te3oL
9€GG9 92Ts 14

2ZH G'(Q bButuspeoaq surT
DNISSHEDO¥d YIVd

pPo3eInpou 9T-ZILTVM

uo ATsnonutjuod

gp 6€ Iomod
ZHW €9TSTEL 66F ‘TH HEIdNODHA
ZHW 2596959 62T ‘€10 HA¥ASHO
suot3riedex 00ST

ZH G 9VVIE UIPTM

o9s zy0 T swr3 -boy

soa1bop (°Gp osTnd

29s 000°'T AeTsp ‘xeToy

Kembuey :zojexsdp ‘gcg4 oTdwes
M 1°862 / D 0°Gz ~duwsg

1102 € ady :uo pe3deTToD e3ed
£TOP® :3juaATOS
(Tndzs) NogywDd :oouenbeg osTng

TONOENVYD :STTJPTI
ZrI-7vNI
:Kx0309xTp oTdwes
ejep/sAsauua/Aembuesy/suoy/
:£1030921TP SATYDIY
00SBAOUT-NPS " yda3Ted " ApuT
:uo pa3d9TToD e3ed
[AAseZ t e
:sureNy oTdures

TV I-vNYg



193

Appendix 1 — Spectra Relevant to Chapter 2

L6t

™
J-86'1

F+s86'1

J-00°¢€

F86'T1

D9S ( UTW § SWT3 Te30L
9€GG9 9zZTS 14
ONISSIDO¥d ViIvd
ZHN S0S0ZVL 66V 'TH  HAWASHO
suot3T3adex zg

ZH 0°0008 Y3IPTM

o9s 00 z swr3 "boy

seoaabsp 0°'Sy osTnd

o9s 000°G AeTop ‘xeTesy

Kembuey :zojexsdo ‘9¢# or1dwes
M 1°86Z / D 0°Gz "dusg

0T0Z L AON :uo Pa303TT0D ®3ed

€TOPD® :3USATOS

(Tndzs) NoOILO¥d :°ousnbeg @sTng

VHE o asmy

Y ZONOLO¥d :oTTJPTd
680—-90A

:Kx0300xTp oTdwres
e3ep/sAsauua/Aembuey/suoy/

ng+,'g ( :A10309a TP SATYDIAY
“s—N* ~ 00§®AOUT-NPS " yda3Ted " ApuTt

o VE iUo Po3DITTOD BIRA
680-9DAM

:oweyN oTduwes

680-90AM



194

Appendix 1 — Spectra Relevant to Chapter 2

vi MwEh

UTW pEg SWT} TeIOL
9€GG9 °zTSs IJd
ZH G'0 bPutuspeoaq surT
DNISSID0¥d ¥YIL¥d
po3jeTnpow 9T-ZITVM
uo ATsnonutjuod
gp 6 Iomod
ZHW 0SPSPPL 667 ‘TH HEIdNODAA
ZHN TLP2099°6ZT ‘€10 HAWASHO
suot3Tiedex 000T
ZH G'9VPIE UIPTM
o9s zy0 T swr3 "boy
soa1bop (0°Gy SsTnd
09s 000°T AeTep "xersy

Kembuey :zojexsdo ‘9¢# or1dwes
M 1°86Z / D 0°Gz "dusg

0T0Z L AON :uo0 Pa3d3TTOD ®jeq

€TOP2 :3juSATOS
(Tndzs) Nog¥vyD :°ousnbeg @sTng

TONOSYVYD :®TTIPT
680—9DAM
:Kx0300xTp oTdwres
e3ep/sAsauua/Aembuey/suoy/
:£103091TP SATYDIY
00GeAOUT-NP® YDa3Ted " ApuT
iUo Po3DITTOD BIRA
680-9DAM
:sweN sTdwes

680-90AM



195

Appendix 1 — Spectra Relevant to Chapter 2

E]* 18°8
¥
e

1860

J-o00°¢

1160

- G6°0

D®S ( UTW y SWI} Te3oL
9€GG9 92Ts 14

2ZH z'0 bButuspeoaq sutT
DNISSED0¥d ¥YIVd

ZHW €£0Z062L 667 'TH  HAMASHO
suoT3Tt3adex zg

ZH 0°0008 Y3IPTM

o9s 00G°z swr3 -boy

soa1bop -Gy osTnd

o®s 000°'S AeTep ‘xersy

Kembuey :zojexsdo ‘Ty# oTdwes
M 1°862 / D 0°Gz ~duwsg

1102 € JIBW :uo pPa3DSTTOD e3ed
€TOP2 :3jueATOS
(Tndzs) NoloO¥d :®ouenbeg osTng

TONOLO¥d :®TTAPTA
€€0-8DAM
:Kx0309xTp oTdwes
ejep/sAsauua/Aembuesy/suoy/
:£1030921TP SATYDIY
00SBAOUT-NPS " yda3Ted " ApuT
:uo pe3dSTTOD BIBQ
£€0-80A%
:sureNy oTdures

£€0-80A%



196

Appendix 1 — Spectra Relevant to Chapter 2

utw pg SwWT3 Te3olL
9€999 92TS Id

ZH G'0 butuspeoaq surT
DNISSID0dd ¥Ivd

pe3eTnpou 9T-ZITVM

uo ATsnonutjuod

ap 6€ Ismogd
ZHW €9TGTEL 667 ‘TH HIdNODEA
ZHW 2G96969°S2T ‘€10 HEAYIASHO
suot3tiadex 9GZ

ZH G 9VVIE UIPTM

oes zpo T swry ‘boy

soaxbsp (0°Gy osTnd

09s 000°T AeTsp "xeray

Kembuey :zojexado ‘Tp# ordwes
¥ 1°86Z / O 0°Gz "dusg

II0Z € JIBW :UO PO3D3TTOD Bled
€TOPO :3UdATOS
(Tndzs) NoguvD :eduenbss @sTnd

TONOEYYD :STTAPTA
€€0-80A%
:Kxo300xTp oTdwes
ejep/sAsauua/Aembuesy/swoy/
:£103092TP SATYDIY
00SeAoUT-npS " yoo3Ted " ApuTt
1uo pe3deTTOD 'IRQ
€€0-80A%
:ouwreN oTdures

€€0-80A%



197

Appendix 1 — Spectra Relevant to Chapter 2

= 00'€

Y16tz

60°T
LO"T
= 96°0

~>=L6°0

—€6°0
T 68°0
F96°0
J-80'T

Y

J

D®S ( UTW y SWI} Te3oL

9€GG9 92Ts 14

2ZH z'0 bButuspeoaq sutT
DNISSED0¥d ¥YIVd

ZHW €£0Z062L 667 'TH  HAMASHO
suot3Ttiadex zg

ZH 0°0008 Y3IPTM

o9s 00G°z swr3 -boy

soa1bop -Gy osTnd

o®s 000°'S AeTep ‘xersy

Kembuey :zojexsdo ‘pp# oTdwes
M 1°862 / D 0°Gz ~duwsg

TIT0Z 7 JIBW :UO PO3DSTTOD ®ejed
€TOP2 :3jueATOS
(Tndzs) NoloO¥d :®ouenbeg osTng

ZONOLO¥d :STTAPTA
T70-80AX
:Kx0309xTp oTdwes
ejep/sAsauua/Aembuesy/suoy/
:£103091TP SATYDIY
00GBAOUT-NPS " Yydo3Ted " Aput
:uo pPa3daTTOD B3R
T70-80A%
:sureNy oTdures

T70-80A%



1968

Appendix 1 — Spectra Relevant to Chapter 2

uTw TG SWT3 T30l
9€GG9 92Ts 14

2ZH G'(Q bButuspeoaq surT
DNISSHEDO¥d YIVd

pPo3eInpou 9T-ZILTVM

uo ATsnonutjuod

gp 6€ Iomod
ZHW €9TSTEL 66F ‘TH HEIdNODHA
ZHW £€296959 62T ‘€10 HAYESHO
suot3riedex 00ST

ZH G 9VVIE UIPTM

o9s zy0 T swr3 -boy

soa1bop (°Gp osTnd

29s 000°'T AeTsp ‘xeToy

Kembuey :zojexsdp ‘g4 oTdwes
M 1°862 / D 0°Gz ~duwsg

TIT0Z 7 JIBW :UO PO3DSTTOD ®ejed
€TOP2 :3jueATOS
(Tndzs) NogywDd :oouenbeg osTng

TONOENVYD :STTJPTI
T70-8DAM
:Kx0309xTp oTdwes
ejep/sAsauua/Aembuesy/suoy/
:£1030921TP SATYDIY
00SBAOUT-NPS " yda3Ted " ApuT
:uo pa3d9TToD e3ed
T70-8DA%
:sureNy oTdures

T70-80A%



199

Appendix 1 — Spectra Relevant to Chapter 2

EJ* €976

dd

T+ Le'z

F 812

o
I e
T 60°z
M} g0t
T vo't

== 9T°¢€

Yoz

- 86°0
- 00'T
20
9
8

~— €0°T

o \),<J¢‘5\J§53 'L

D9S ( UTW § SWT] TRIOL
9€GG9 92TSs 1Id
DNISSHED0¥d ¥YIL¥d
ZHW €0206ZL° 667 ‘TH  HAWESHO
suot3tiadex zg¢
ZH 0°0008 Y3IPTM
o9s 00 z swr3 "boy
soa1bop (0°Gy SsTnd
09s 000°S AeTsp "xersy

Kembuey :zojexsdo ‘geg# orTdwes
M 1°86Z / D 0°Gz "dusg

TTI0Z 9T IBW :UO PIIDSTTOD ®IRQ
€TOP2 :3juSATOS
(Tndzs) NoOILO¥d :°ousnbeg @sTng

ZONOLO¥d :STTAPTA
TOT-90A%
:Kx0300xTp oTdwres
e3ep/sAsauua/Aembuey/suoy/
:K10309ITP SATYDIY
00§®AOUT-NPS " yda3Ted " ApuTt
iUo Po3DITTOD BIRA
T0T-90A%
:sweN sTdwes

TOT-90AM



200

Appendix 1 — Spectra Relevant to Chapter 2

uTw TG SWT3F TeIOL
9€GG9 92TS Id

ZH G°0 m:..nﬂwnmo..kn °uTT
ONISSEO0¥d ¥IVd

pa3jeTnpow 9T-ZITVM

uo hHmSOSﬂ.ﬂUCOU

gp 6€ I9MOg
ZHW €9TSTEL 667 'TH HTANODHA
ZHW €2969G9°SZT ‘€TI0 HAWASHO
suotjtiadex (0GT

ZH G 9VPIE UYIPTM

o9s zp0' T swr3 "boy

sooxbop 0°'Gy oSTnd

o9s 000°'T AeTop "xeroy

Aembuey :xojexadp ‘cc4 oTdwes
M 1°86Z / D 0°Gz ‘dwsg

1102 9T IBW :UO PIJIDSTTOD eB3IRq
€TOP® :3uUSATOS
(Tndzs) Nog¥vD :oouenbes osTng

TONOENYD :STTAPTA
TOT-90A%
:Kx0309aTp oTdwes
e3ep/sAsauua /KAembuesy/suoy/
:£x103091TP SATYDIY
00§BAOUT-NPS " yda3Ted " ApuT
:uo pPo3OSTTOD B3Rd
TOT-90A%
:suweN sTdwes

TOT-90A%



201

Fo00'T
vo'T

Fosr1
901
IEAN
o+ L6°0
T
~> 66°0

Appendix 1 — Spectra Relevant to Chapter 2

D9S ( UTW p SWT} Te3oL
9€GG9 92Ts 14

ZH z'0 butuspeoxaq sutg
DNISSHEDO¥d YIVd
ZHW 9LT06ZL 667 'TH  HAMASHO
suoT3Tt3adex zg

ZH 0°0008 Y3IPTM

o9s 00G°z swr3 -boy

soa1bop (°Gp osTnd

©9s 000°G AeTsp "xeTsy

Kembuey :zojexsdo ‘Ty# oTdwes
M 1°862 / D 0°Gz ~duwsg

TIT0Z ¥1 994 :uo PO3DSTTOD ®e3jed
€TOP2 :3jueATOS
(Tndzs) NoloO¥d :®ouenbeg osTng

TONOLO¥d :STTAPTA
€GT-90A%
:Kx0309xTp oTdwes
ejep/sAsauua/Aembuesy/suoy/
:£103091TP SATYDIY
00GBAOUT-NPS " Yydo3Ted " Aput
:uo pPa3daTTOD B3R
€GT-90A%
:sureNy oTdures

€GT-90A%



202

Appendix 1 — Spectra Relevant to Chapter 2

uTw TG SWT3 T30l
9€GG9 92Ts 14

2ZH G'(Q bButuspeoaq surT
DNISSHEDO¥d YIVd

pPo3eInpou 9T-ZILTVM

uo ATsnonutjuod

gp 6€ Iomod
ZHW €9TSTEL 66F ‘TH HEIdNODHA
ZHN €Z969S9°G2T ‘€10 HAYISHO
suot3Tiedex 00ST

ZH G 9VVIE UIPTM

o9s zy0 T swr3 -boy

soa1bop (°Gp osTnd

29s 000°'T AeTsp ‘xeToy

Kembuey :zojexsdo ‘Ty# oTdwes
M 1°862 / D 0°Gz ~duwsg

TIT0Z ¥1 994 :uo PO3DSTTOD ®e3jed
€TOP2 :3jueATOS
(Tndzs) NogywDd :oouenbeg osTng

TONOENVYD :STTJPTI
€ST-90A%
:Kx0309xTp oTdwes
ejep/sAsauua/Aembuesy/suoy/
:£1030921TP SATYDIY
00SBAOUT-NPS " yda3Ted " ApuT
:uo pa3d9TToD e3ed
€GT-90A%
:sureNy oTdures

€GT-90A%



203

PNORLEN N RR e W - -

LhH ERBE L 22 8 & S S

IS R S i h
wdd T z 9 L 8 6 0T
7 | 7 | 7 | | | | 7 | | 7 | | 7 | | 7 | | 7 |
]xl%}/\‘ i e

v Yava ]

Appendix 1 — Spectra Relevant to Chapter 2

D9S ( uUTW § SWT} Te3oL
9€GG9 9ZTS Id
DNISSED0¥d ¥YIVd
ZHW S0Z06ZL 66V 'TH  HAWASHO
suoT3Tt3adex zg

ZH 0°0008 Y3IPTM

o9s 00G°z swr3 -boy

soa1bop -Gy osTnd

o®s 000°'S AeTep ‘xersy

Kembuey :zojexsdo ‘g4 oTdwes
M 1°862 / D 0°Gz ~duwsg

110z €z ady :uo pa3deIToD ®B3RA
£TOP® :3juaATOS
(Tndzs) NoILoO¥d :oousnbeg ssTng

ZONOLO¥d :STTAPTA
652-80A4
:Kx0309xTp oTdwes
ejep/sAsauua/Aembuesy/suoy/
:£103091TP SATYDIY
00GBAOUT-NPS " Yydo3Ted " Aput
:uo pPa3daTTOD B3R
65Z-80A%
:sureNy oTdures

6S2—-80A%



204

Appendix 1 — Spectra Relevant to Chapter 2

utw TG SwWT3 Te3on
9€GG9 92TSs Id

ZH G°0 Oﬂ.ﬂﬂwﬂvmo.ﬂﬂ [UTT
ONISSEOO¥d ViIvd

pe3jeTnpow 9T-ZITYM

uo ATsnonutjuod

gp 6€ I9MOg
ZHN €9TGTEL 667 'TH HETANODHA
ZHW £€296969°'GZT ‘€10 HA¥ESEO
suoT3Tiedex 00ST

ZH S 9PVIE UIPTM

o9s zy0'T swr3 -boy

soaxbop (°GF osTnd

D9s 000 T AeTep "xeTsy

Kembuey :xojeasdp ‘gp# ordwes
M 1°862 / O 0°Ggz "dusy

110z €z 3dy :uo pe3de[ToD ®3RA
E€TOPO :3uSATOS
(Tndzs) Nog¥yD :oousnbes osTnd

TONOGYVD :STTAPTI
652-80A)
:Kzo309aTp oTdwes
ejep/sAsawua/Kembues/suoy/
:£103093TP SATYDIY
00GeAOUT-NPS " yda3Ted " ApuT
:uo peo30aTTeD e3ed
652-80A)
:ourey oTdures

6S2-80A%



205

Appendix 1 — Spectra Relevant to Chapter 2

3 2 S
wdd .

™M1 z0°'T

I-€0°¢€

TS0

o001

e

D39S ( UTW § SWT3 TeIOL
9€9G99 92Ts IJd

ZH g'0 butuspeoaq surT
ONISSIDO¥d ViIvd
ZHN €02062L°667 'TH  HAYESHO
suot3tiadex z¢

ZH 0°0008 U3IPTM

o9s 00g'z swr3 "boy

soa1bsp (0°Gy SsTnd

09s 000°§ AeTop "xersy

Aembuey :xojeasdp ‘gp# oTdures
M 1°86Z / D 0°Gz "dweg

TIT0Z 0Z unf :uo pPa3DSTTOD ejed
€TOPD :3usATOS
(Tndgs) Nolo¥d :eouenbas osTnd

70NOLO¥d :STTAPTI
LLZT-60AY
:Kx0309xTp oTdwes
e3ep/sAsauua/Aembuey/suoy/
:Kz0309aTP @ATYDIY
00GBAOUT-NPS " yda3Ted " ApuT
:uo Po3RaTTOD e3RA
LLZ—-6DA4
:sweN sTdwes

LLZ-6DA4



206

Appendix 1 — Spectra Relevant to Chapter 2

utw g SwT3 Te3jon
9€GG9 92Ts Id

zZH G°'0 bButuspeoxaq surT
ONISSHED0¥d ¥IVd

pajernpow 9T-ZITYM

uo ATsnonurtjuod

gp 6€ I9Mod
ZHW €9TSTEL 667 ‘TH HTANODHEA
ZHW 2696959 62T ‘€10 HANASHO
suot3rT3adex 0001

ZH G'9VPIE UIPTM

o9s zp0'T swr3 ‘boy

soaxbop (°'Gy osTnd

D9s 000 T AeTsp "xersy

Kembuey :zojexsdo ‘cp# orduwes
¥ 1°862 / O 0°Gz "dusy

IT0Z 8T un[ :UO PI3IDSTTOD e3ed
E€TIOPO :3jueATOS
(Tndzs) NogywDd :oduenbes osTngd

Z0NOgYVYD :STTIPTA
LLZ-60AY
:Kx0309aTp °oTdwes
ejep/sAsauua /Kembuesy/suoy/
:Kx0309aTP SATYDIY
00GBAOUT-NPS ‘' Yyoa3Ted ' Aput
:uo pea3daTTOD e3Rd
LLZ-60AY
:sweN oTdwes

LLZ-60AY



207

00°T

00°T
F90°¢
J- 00°
J- 66"

T 60°¢
}st's
T

Appendix 1 — Spectra Relevant to Chapter 2

D9S ( uUTW § SWT} Te3oL
9€GG9 9ZTS Id
DNISSED0¥d ¥YIVd
ZHW €0Z062L 66V 'TH  HAWASHO
suoT3Tt3adex zg

ZH 0°0008 Y3IPTM

o9s 00G°z swr3 -boy

soa1bop -Gy osTnd

o®s 000°'S AeTep ‘xersy

Kembuey :zojexsdo ‘Ly# STdwes
M 1°862 / D 0°Gz ~duwsg

TIT0Z IZ unf U0 PIJDSTTOD e3leq
€TOP2 :3jueATOS
(Tndzs) NoloO¥d :®ouenbeg osTng

TONOLO¥d :STTAPTA
L6Z-60A1
:Kx0309xTp oTdwes
ejep/sAsauua/Aembuesy/suoy/
:£103091TP SATYDIY
00GBAOUT-NPS " Yydo3Ted " Aput
:uo pPa3daTTOD B3R
L6Z-60A1
:sureNy oTdures

L6Z—-60A4



208

Appendix 1 — Spectra Relevant to Chapter 2

uTWw TG SWT3 Te3OL
9€£GG9 92Ts ILd
ZH §°0 mﬂ..nﬂwﬁMO.HA ouTT
ONISSEO0¥d VIVd
pajeTnpouw 9T-ZLTYM
uo ATsnonutjuod
gp 6€ I9MOg
ZHW €9TSTEL 66F ‘TH HIdNODEA
ZHW €£96959°G2T ‘€ID HAWISHO
suot3rtiadex zIg
ZH G 9PPIE UIPTM
o9s zp0'T swr3 ‘boy
sooxbop (°'GF osTnd
o9s 000 T AeTeop "xeTSy

Kembuey :zo3exado ‘Lyp# oTdwes
M 1°862 / O 0°Gz "dus

1102 TIZ unf :uo PS3DSTTOD ejed
€TOP2 :3jusATOS
(Tndzs) NogwwD :oousnbeg osTnd

TONOENYD :STTAPTI
L62-60A%
:Kz0309aTp oTdwes
e3ep/sAsawua/Kembuesy/swoy/
:£103093TP SATYDIY
00GeAOUT-NPS " yda3Ted " Aput
1uo pa3RaTTOD ®B3RA
L6Z—60AM
:sweN oTdwes

L6Z-60A



209

Appendix 1 — Spectra Relevant to Chapter 2

T 601

+eo't

L6°C

<
}ve‘o

80°T

== 00'T
L8'T
6
6
0

f

(0€1) v suneseydao

D39S ( UTW § SWT3 TeIOL
9€9G99 92Ts IJd

ZH g'0 butuspeoaq surT
ONISSIDO¥d ViIVd

ZHN €02062L°667 'TH  HAYESHO

suot3tiadex z¢

ZH 0°0008 YIPTM

o9s 00G 'z swr3 "boy

soa1bsp (0°Gy SsTnd

o9s 000°§ AeTop "xersy

AKembuey :xojeasdp ‘9p# oTdures
M 1°86Z / D 0°Gz "dweg

TT0Z ZZ unf :uo pa3dSTToD ejed

€TOPD :3usATOS
(Tndzs) Nolo¥d :oduenbas osTng

ZONOLO¥d :STTAPTI
TOE-60AY
:Kx0309xTp oTdures
e3ep/sAsauua/Aembuey/suoy/
:Kz0309aTP @ATYDIY
00GBAOUT-NPS " yda3Ted " ApuT
iuo pPa3RaTTOD e3RA
TO0E-60AM
:sweN sTduwes

v autjexeyds)
TO0E-60A



210

Appendix 1 — Spectra Relevant to Chapter 2

utw TG SWT3 Te3of
9€GG9 92TS Id

ZH G'(0 butuspeoaq sutT
ONISSEOO¥d VIVd

pe3eTnpow 9T-ZITYM

uo hHmﬂ—OQE._"u«EOU

gP 6£ ISMOog
ZHW €9TSTEL 66F ‘TH HIdNODEA
ZHW €296959°G2T ‘€10 HAYESHO
suor3Tiadex 00ST

ZH G 9PPIE UIPTM

o9s zyo' T swry -boy

soaxbop (°'GF osTnd
o9s 000 T AeTsp ‘xersy

Kembuey :xojexsdo ‘9p# oTdues
M 1°862 / O 0°Gz "dusy

TT0Z ZZ ung :UuO PI3DSTTOD ®3Bq
£IOpPO :3USATOS
(Tndzs) Nogyyo :oousnbes osTng

TONOENVYD :oTTAPTA
(0€1) v suneseydss T0E-62AY
:Kxzo309xTp oTduwres
e3ep/sAsauua /Kembuesf/suoy/
:Kz03092TP SATYDIY
00SeAOUT-NpS " yoa3Ted " ApuTt
:uo pe3PeTToD '3lRd
T0E-6DAM
:sweN sTdures

v sutjexeyds)
T0E-60AM



211

Appendix 1 — Spectra Relevant to Chapter 2

L1t
g
g

wudd 1 z

T 90z

101

J-€0°¢

05 00°T

- v6'T

Ll 4

(1Le1) 9 suneseyda

D9s ( UTW § SWT3 TejoL
9€GG9 92ZTS Id

ZH z'(0 butuspeoaq surT
ONISSEO0¥d ¥IVA
ZHWN €0206ZL°66% 'TH  HAYESHO
suot3riadex zg

ZH 0°0008 U3IPTM

o®s 00G'z swry "boy

sosxbop 0'gpy °osTnd

09s 000°'G AeTop -"xeT9y

Kembuey :zojexsdo ‘gp# or1dwes

TT0Z ZZ unf :uo pa3dSTToD ejed
€TOPD :3usATOS
(Tndzs) NOLO¥d :oousnbag @sTng

TONOLO¥d :STTAPTI
€0€-6DAM
:Kx0309xTp oTdures
e3ep/sAsauua/Aembuey/suoy/
:Kz0309aTP @ATYDIY
00GBAOUT-NPS " yda3Ted " ApuT
iuo pPa3RaTTOD e3RA
€0€-60A1
:sweN sTduwes

€T10ad ‘D sur3exaeyds)
€0€-60A)



212

Appendix 1 — Spectra Relevant to Chapter 2

utw g ‘Iy T SWr3 Te30L
9€GG9 92TS Id

ZH G'0 DBbutuspeoaq sutT]
ONISSHEO0¥d ¥IVd

pe3eTnpow 9T-ZITYM

uo MHMSOEE._"UGOU

gpP 6£ I9MOg
ZHW €9TSTEL 667 ‘TH HEIdNODEA
ZHW €€969G9°GZT ‘€TI0 HAYASHO
suot3rtiadex 0002

ZH G 9VPIE UIPTM

o9s gpo'T swr3 -boy

soaxbop 0°'Gy osInd

09s 000°'T Aersp ‘xeTsy

Kembuey :xojexsdp ‘gp# oTduwres

1102 ZZ unp :uo pe3daTToD e3eq
€TOP2 :3uSATOS
(tndzs) Nog¥vD :oousnbsg osTng
(1€1) 0 supesEydad
TONOENYD :OTTAPTA
€£0€-60A1
:Kxz0309aTp oTdwes
ejep/sAsauua/Aembuesy/suoy/
:Kx03091TP SATYDIY
00GeAOUT-NPS " yDo3TeD " ApUT
1uo peo30STTOD B3Rd
€0€-60A4
:owreN oTdwes

€T0ad ‘D surzexeyds)
€0€-60A1



213

Appendix 1 — Spectra Relevant to Chapter 2

-— 82°'T
€
L

wudd 1 z

- v6°¢

Fosor

Fo0°¢€

07 880

- g6°0
€6
L

(1Le1) 2 suneseydad

D9S @z UTW 9 SWT3 Te3OfL
¥8E9T 92ZTS Id
ONISSIDO¥d ViIvd
ZHN 9LVLLTI8 66Z 'TH  HAWASHO
suoT3T3adex p9

ZH T'96LV UIPTM

oos gL T swr3 "boy

seoaabsp 0°'Sy osTnd

o9s 000 T AeTop ‘xeTsy

Kembuey :zozexado
M 1°86Z / D 0°Gz "dusg

TI0Z SZ unf :uo Pa3DSTTOD ejed
POEPD :3USATOS
(Tndzs) NoILoO¥d :oousnbeg asTng

100 Tndgs ejep :STTAPTI
€0 SZ90TT0Z €0E-60AM
:Kx0300xTp oTdwres
e3ep/sAsauua/Aembuey/suoy/
:K10309ITP SATYDIY
00c&anoasu-nps ‘yoa3Ted " zby
iUo Po3DITTOD BIRA
€£0€-6DAY
:sweN sTdwes

€0€-60A



214

Appendix 1 — Spectra Relevant to Chapter 2

utw TG SWT3 Te3oL
9€GG9 92Ts 14

2ZH G'(0 bButuspeoaq surT
DNISSHEDO¥d YIVd

po3eTnpou 9T-ZILTVM

uo ATsnonutjuod

gp 6E Iomod
ZHW ZS8VEEL 66F ‘'TH HEIJNODHA
ZHW Z6LZLS9 SCT '€ID HAWASHO
suot3Tiedex 00ST

ZH G 9VVIE UIPTM

o9s zy0 T swr3 -boy

so21b9p (°Gp SsTnd

29s 000°'T AeTsp ‘xeToy

Kembuey :zojexsdp ‘oz# oTdwes
1102 §Z unp :uo pe3deTT0D ejed

POEPD :3JuSATOS
(1ndzs) Nog¥vD :oouenbas osTng

(1Le1) 2 suneseydad

ZONOENYD :STTIPTA
€0€-60AM
:Kx0309xTp oTdwes
ejep/sAsauua/Aembuer/suoy/
:K10309aTP SATYDIY

00GBAOUT-NPS " Yyoa3Ted " Aput
:uo pPa3daTTOD e'3Rd

€0€-60A
:oureNy oTdwes

pp-Toueylsw ‘D surjexeyds)
€0€-60A4



Appendix 2 — X-ray Crystallography Reports Relevant to Chapter 2 215

APPENDIX 2

X-Ray Crystallography Reports Relevant to Chapter 2:

Development of a Diastereoselective 1,2-Addition to Sulfinyl Imines'

" The work disclosed in this appendix for the X-ray crystallographic analysis of 97d was completed entirely
by Larry Henling and Dr. Michael Day in the Caltech X-ray crystallography lab.
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A2.1 Crystal Structure analysis of sulfinamide 97d

Figure A2.1. Sulfinamide 97d. Crystallographic data have been deposited at the
CCDC, 12 Union Road, Cambridge CB2 1EZ, UK and copies can be obtained on

request, free of charge, by quoting the publication citation and the deposition
number 780836.

c128
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Table A2.1. Crystal data and structure refinement for sulfinamide 97d (CCDC 780836).

Empirical formula
Formula weight
Crystallization Solvent
Crystal Habit

Crystal size

Crystal color

Type of diffractometer
Wavelength

Data Collection Temperature

6 range for 9971 reflections used

in lattice determination

Unit cell dimensions

Volume

Z

Crystal system

Space group

Density (calculated)
F(000)

Data collection program

6 range for data collection
Completeness to 6 = 29.93°
Index ranges

Data collection scan type
Data reduction program
Reflections collected
Independent reflections
Absorption coefficient
Absorption correction

Max. and min. transmission

Data Collection

Ci,HsBrNO,S

320.24

Benzene

Block

0.19x0.17 x 0.15 mm3
Pale yellow

Bruker KAPPA APEX 11
0.71073 A MoKo.
100(2) K

2.36 to 28.59°

a=9.9624(4) A o= 90°
b=17.8137(8) A B=98.264(2)°
c=12.6175(6) A v =90°

2215.94(17) A3

6

Monoclinic

P2,

1.440 Mg/m?

984

Bruker APEX2 v2009.7-0
1.63 t0 29.93°

99.9 %
-13<h<13,-25<k<25,-17<1<17
o scans; 9 settings

Bruker SAINT-Plus v7.66A

50720
12745 [R.

nt

2.915 mm!

=0.0422]

Gaussian

0.7274 and 0.6375
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Table A2.1.(continued)

Structure solution and Refinement

Structure solution program
Primary solution method
Secondary solution method
Hydrogen placement

Structure refinement program
Refinement method

Data / restraints / parameters
Treatment of hydrogen atoms
Goodness-of-fit on F?

Final R indices [I>20(I), 10731 reflections]
R indices (all data)

Type of weighting scheme used
Weighting scheme used

Max shift/error

Average shift/error

Absolute structure determination
Absolute structure parameter

Largest diff. peak and hole

Bruker XS 2008/1

Direct methods

Difference Fourier map
Geometric positions
Bruker XL 2008/1

Full matrix least-squares on F2
12745/1/676

Riding

1.083

R1=0.0257, wR2 =0.0308
R1=0.0344, wR2 =0.0315
Sigma

w=1/0%(Fo?)

0.003

0.000

Anomalous differences
-0.011(2)

0.896 and -0.565 e. A"

Special Refinement Details

Crystals were mounted on a glass fiber using Paratone oil then placed on the diffractometer under

a nitrogen stream at 100K.

Refinement of F* against ALL reflections. The weighted R-factor (wR) and goodness of fit (S) are

based on F?, conventional R-factors (R) are based on F, with F set to zero for negative F2 The threshold
expression of F> > 20( F?) is used only for calculating R-factors(gt) etc. and is not relevant to the choice of
reflections for refinement. R-factors based on F* are statistically about twice as large as those based on F,
and R-factors based on ALL data will be even larger.

All esds (except the esd in the dihedral angle between two L.s. planes) are estimated using the full
covariance matrix. The cell esds are taken into account individually in the estimation of esds in distances,
angles and torsion angles; correlations between esds in cell parameters are only used when they are defined
by crystal symmetry. An approximate (isotropic) treatment of cell esds is used for estimating esds
involving l.s. planes.
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Table A2.2. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters
(A2x 103) for RUNO2 (CCDC 780836). Uleq) is defined as the trace of the orthogonalized

Uij tensor.

X y z Ueq
Br(1) 826(1) 7627(1) 10809(1) 30(1)
S(1A) 290(1) 9531(1) 9058(1) 15(1)
O(1A) 4648(1) 8151(1) 8555(1) 29(1)
0(2A) 793(1) 10261(1) 8672(1) 20(1)
N(1A) 792(2) 9400(1) 10355(1) 16(1)
C(1A) 2103(2) 8250(1) 10247(2) 18(1)
C(2A) 2902(2) 7960(1) 9602(2) 21(1)
C(3A) 3913(2) 8416(1) 9154(2) 21(1)
C(4A) 3986(2) 9211(1) 9477(2) 21(1)
C(5A) 3198(2) 9493(1) 10137(2) 18(1)
C(6A) 2156(2) 9055(1) 10635(2) 15(1)
C(7A) -1532(2) 9678(1) 9070(2) 17(1)
C(8A) -1753(2) 10415(1) 9636(2) 22(1)
C(9A) 2121(2) 9721(2) 7891(2) 31(1)
C(10A) 2076(2) 9004(1) 9603(2) 28(1)
C(11A) 2518(2) 9089(1) 11865(2) 22(1)
C(12A) 3829(2) 8682(1) 12286(2) 27(1)
Br(2) 5571(1) 1465(1) 7107(1) 31(1)
S(1B) 2422(1) 501(1) 5939(1) 16(1)
O(1B) 1957(2) 3439(1) 5749(1) 58(1)
0(2B) 965(1) 639(1) 5519(1) 22(1)
N(I1B) 2730(2) 670(1) 7254(1) 16(1)
C(1B) 3798(2) 1872(1) 6934(2) 19(1)
C(2B) 3526(2) 2495(1) 6370(2) 27(1)
C(3B) 2179(2) 2846(1) 6243(2) 36(1)
C(4B) 1137(2) 2458(1) 6737(2) 33(1)
C(5B) 1425(2) 1837(1) 7295(2) 24(1)
C(6B) 2796(2) 1481(1) 7539(1) 16(1)
C(7B) 2599(2) -528(1) 5961(2) 19(1)
C(8B) 1628(2) -877(1) 6636(2) 26(1)
C(9B) 2225(3) 737(1) 4781(2) 35(1)
C(10B) 4062(2) 713(1) 6359(2) 29(1)
C(11B) 3279(2) 1518(1) 8758(2) 21(1)
C(12B) 3509(2) 2312(1) 9194(2) 28(1)
Br(3) 2741(1) 7173(1) 5606(1) 35(1)
S(1C) 64(1) 6168(1) 7644(1) 17(1)
0(1C) 4996(2) 5914(1) 9071(1) 52(1)
0(20) -642(1) 5473(1) 7941(1) 22(1)
N(1C) 570(2) 6064(1) 6458(1) 17(1)
C(1C) 2956(2) 6399(1) 6656(1) 20(1)
C(20) 3922(2) 6447(1) 7474(2) 25(1)
C(3C) 4149(2) 5852(1) 8278(2) 28(1)
C(4C) 3287(2) 5189(1) 8077(2) 25(1)
C(5C) 2288(2) 5153(1) 7278(2) 23(1)
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C(6C) 1962(2) 5764(1) 6444(2) 17(1)
C(7C) -1303(2) 6864(1) 7301(2) 19(1)
C(8C) 2331(2) 6590(1) 6379(2) 26(1)
C(9C) -1951(2) 6934(1) 8319(2) 28(1)
C(10C) -630(2) 7594(1) 7045(2) 33(1)
C(11C) 1989(2) 5403(1) 5324(2) 26(1)

C(12C) 3403(2) 5133(2) 5166(2) 32(1)
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Table A2.3. Bond lengths [A] and angles [°] for RUN02 (CCDC 780836).

Br(1)-C(1A)
S(1A)-O(2A)
S(1A)-N(1A)
S(1A)-C(7A)
O(1A)-C(3A)
N(1A)-C(6A)
N(1A)-H(1A)
C(1A)-C(2A)
C(1A)-C(6A)
C(2A)-C(3A)
C(2A)-H(2A)
C(3A)-C(4A)
C(4A)-C(5A)
C(4A)-H(4A)
C(5A)-C(6A)
C(5A)-H(5A)
C(6A)-C(11A)
C(7A)-C(8A)
C(7A)-C(10A)
C(7A)-C(9A)
C(8A)-H(8A1)
C(8A)-H(8A2)
C(8A)-H(8A3)
C(9A)-H(9A1)
C(9A)-H(9A2)
C(9A)-H(9A3)
C(10A)-H(10A)
C(10A)-H(10B)
C(10A)-H(10C)
C(11A)-C(124A)
C(11A)-H(11A)
C(11A)-H(11B)
C(12A)-H(12A)
C(12A)-H(12B)
C(12A)-H(12C)
Br(2)-C(1B)
S(1B)-0(2B)
S(1B)-N(1B)
S(1B)-C(7B)
O(1B)-C(3B)
N(1B)-C(6B)
N(1B)-H(1B)
C(1B)-C(2B)
C(1B)-C(6B)
C(2B)-C(3B)
C(2B)-H(2B)
C(3B)-C(4B)
C(4B)-C(5B)
C(4B)-H(4B)
C(5B)-C(6B)
C(5B)-H(5B)

1.9001(18)
1.4999(13)
1.6576(17)
1.8365(16)
1.220(2)
1.486(2)
0.692(16)
1.323(3)
1.515(2)
1.469(3)
0.928(17)
1.474(3)
1.323(3)
0.935(19)
1.506(2)
0.950(16)
1.542(3)
1.526(3)
1.514(3)
1.521(3)
0.89(2)
0.998(18)
0.980(18)
0.93(2)
0.95(2)
0.923(19)
0.963(17)
1.01(2)
0.879(18)
1.522(3)
0.959(16)
0.947(18)
0.989(16)
0.877(18)
0.94(2)
1.8929(18)
1.4923(12)
1.6709(16)
1.8405(19)
1.230(2)
1.487(2)
0.802(17)
1.326(3)
1.510(2)
1.468(3)
0.850(17)
1.459(3)
1.321(3)
0.956(17)
1.498(2)
0.870(18)

C(6B)-C(11B)
C(7B)-C(10B)
C(7B)-C(8B)
C(7B)-C(9B)
C(8B)-H(8B1)
C(8B)-H(8B2)
C(8B)-H(8B3)
C(9B)-H(9B1)
C(9B)-H(9B2)
C(9B)-H(9B3)
C(10B)-H(10D)
C(10B)-H(10E)
C(10B)-H(10F)
C(11B)-C(12B)
C(11B)-H(11C)
C(11B)-H(11D)
C(12B)-H(12D)
C(12B)-H(12E)
C(12B)-H(12F)
Br(3)-C(1C)
S(1C)-0(2C)
S(1C)-N(1C)
S(1C)-C(7C)
0(10)-C(3C)
N(1C)-C(6C)
N(1C)-H(1C)
C(1C)-C(20)
C(1C)-C(6C)
C(2C)-C(30)
C(2C)-H(2C)
C(3C)-C(4C)
C(4C)-C(5C)
C(4C)-H(4C)
C(5C)-C(6C)
C(5C)-H(5C)
C(6C)-C(11C)
C(7C)-C(10C)
C(7C)-C(8C)
C(7C)-C(9C)
C(8C)-H(8C1)
C(8C)-H(8C2)
C(8C)-H(8C3)
C(9C)-H(9C1)
C(9C)-H(9C2)
C(9C)-H(9C3)
C(10C)-H(10G)
C(10C)-H(10H)
C(10C)-H(101)
C(11C)-C(12C)
C(11C)-H(11E)
C(11C)-H(11F)

1.546(2)
1.508(3)
1.512(3)
1.528(3)
0.920(18)
0.917(17)
1.001(19)
0.965(19)
0.93(2)
0.872(19)
0.902(19)
0.94(2)
0.96(2)
1.523(3)
0.871(18)
1.093(17)
1.02(2)
0.889(16)
0.99(2)
1.9030(18)
1.4983(12)
1.6569(16)
1.8452(18)
1.218(2)
1.489(2)
0.876(17)
1.308(2)
1.503(2)
1.462(3)
0.777(17)
1.461(3)
1.313(3)
0.864(17)
1.516(3)
0.901(17)
1.557(3)
1.519(3)
1.516(3)
1.523(3)
0.884(18)
0.970(17)
1.001(17)
1.026(17)
0.915(19)
0.945(18)
0.944(18)
0.983(18)
0.952(18)
1.528(3)
1.01(2)
1.023(17)
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C(120)-H(12G)
C(120)-H(12H)
C(120)-H(121)

O(2A)-S(1A)-N(1A)
O(2A)-S(1A)-C(7A)
N(1A)-S(1A)-C(7A)
C(6A)-N(1A)-S(1A)
C(6A)-N(1A)-H(1A)
S(1A)-N(1A)-H(1A)
C(2A)-C(1A)-C(6A)
C(2A)-C(1A)-Br(1)
C(6A)-C(1A)-Br(1)
C(1A)-C(2A)-C(3A)
C(1A)-C(2A)-H(2A)
C(3A)-C(2A)-H(2A)
O(1A)-C(3A)-C(2A)
O(1A)-C(3A)-C(4A)
C(2A)-C(3A)-C(4A)
C(5A)-C(4A)-C(3A)
C(5A)-C(4A)-H(4A)
C(3A)-C(4A)-H(4A)
C(4A)-C(5A)-C(6A)
C(4A)-C(5A)-H(5A)
C(6A)-C(5A)-H(5A)
N(1A)-C(6A)-C(5A)
N(1A)-C(6A)-C(1A)
C(5A)-C(6A)-C(1A)
N(1A)-C(6A)-C(11A)
C(5A)-C(6A)-C(11A)
C(1A)-C(6A)-C(11A)
C(8A)-C(7A)-C(10A)
C(8A)-C(7A)-C(9A)
C(10A)-C(7A)-C(9A)
C(8A)-C(7A)-S(1A)
C(10A)-C(7A)-S(1A)
C(9A)-C(7A)-S(1A)
C(7A)-C(8A)-H(8A1)
C(7A)-C(8A)-H(8A2)

H(8A1)-C(8A)-H(8A2)

C(7A)-C(8A)-H(8A3)

H(8A1)-C(8A)-H(8A3)
H(8A2)-C(8A)-H(8A3)
C(7A)-C(9A)-H(9A1)
C(7A)-C(9A)-H(9A2)
H(9A1)-C(9A)-H(9A2)
C(7A)-C(9A)-H(9A3)
H(9A1)-C(9A)-H(9A3)
H(9A2)-C(9A)-H(9A3)
C(7A)-C(10A)-H(10A)
C(7A)-C(10A)-H(10B)
H(10A)-C(10A)-H(10B)
C(7A)-C(10A)-H(10C)
H(10A)-C(10A)-H(10C)

1.008(18)
1.10(2)
0.93(2)

112.07(8)
104.84(8)
99.80(8)
115.40(13)
112.6(15)
117.1(15)
124.94(17)
119.77(15)
115.23(13)
121.87(19)
123.4(12)
114.7(11)
122.06(19)
122.21(18)
115.73(17)
121.95(19)
122.4(12)
115.6(12)
124.99(18)
122.8(11)
112.2(11)
110.39(15)
109.04(15)
110.46(15)
107.28(15)
108.89(15)
110.74(16)
112.94(18)
110.65(17)
111.22(18)
109.64(12)
107.97(13)
104.01(13)
110.2(13)
111.9(10)
106.4(16)
111.8(11)
107.7(16)
108.6(14)
108.1(13)
115.5(13)
109.5(18)
112.2(12)
111.3(17)
100.1(16)
112.4(11)
109.0(11)
111.3(15)
110.9(12)
111.0(17)

H(10B)-C(10A)-H(10C)
C(12A)-C(11A)-C(6A)
C(12A)-C(11A)-H(11A)
C(6A)-C(11A)-H(11A)
C(12A)-C(11A)-H(11B)
C(6A)-C(11A)-H(11B)
H(11A)-C(11A)-H(11B)
C(11A)-C(12A)-H(12A)
C(11A)-C(12A)-H(12B)
H(12A)-C(12A)-H(12B)
C(11A)-C(12A)-H(12C)
H(12A)-C(12A)-H(12C)
H(12B)-C(12A)-H(12C)
0(2B)-S(1B)-N(1B)
O(2B)-S(1B)-C(7B)
N(1B)-S(1B)-C(7B)
C(6B)-N(1B)-S(1B)
C(6B)-N(1B)-H(1B)
S(1B)-N(1B)-H(1B)
C(2B)-C(1B)-C(6B)
C(2B)-C(1B)-Br(2)
C(6B)-C(1B)-Br(2)
C(1B)-C(2B)-C(3B)
C(1B)-C(2B)-H(2B)
C(3B)-C(2B)-H(2B)
O(1B)-C(3B)-C(4B)
O(1B)-C(3B)-C(2B)
C(4B)-C(3B)-C(2B)
C(5B)-C(4B)-C(3B)
C(5B)-C(4B)-H(4B)
C(3B)-C(4B)-H(4B)
C(4B)-C(5B)-C(6B)
C(4B)-C(5B)-H(5B)
C(6B)-C(5B)-H(5B)
N(1B)-C(6B)-C(5B)
N(1B)-C(6B)-C(1B)
C(5B)-C(6B)-C(1B)
N(1B)-C(6B)-C(11B)
C(5B)-C(6B)-C(11B)
C(1B)-C(6B)-C(11B)
C(10B)-C(7B)-C(8B)

C(10B)-C(7B)-C(9B)
C(8B)-C(7B)-C(9B)
C(10B)-C(7B)-S(1B)
C(8B)-C(7B)-S(1B)
C(9B)-C(7B)-S(1B)
C(7B)-C(8B)-H(8B1)
C(7B)-C(8B)-H(8B2)

H(8B1)-C(8B)-H(8B2)

C(7B)-C(8B)-H(8B3)

H(8B1)-C(8B)-H(8B3)
H(8B2)-C(8B)-H(8B3)

C(7B)-C(9B)-H(9B1)
C(7B)-C(9B)-H(9B2)

101.7(16)
113.45(18)
107.7(10)
111.0(10)
109.9(11)
107.2(11)
107.5(15)
111.2(10)
110.5(12)
99.9(15)
115.8(13)
110.5(16)
107.8(17)
110.72(8)
104.83(8)
99.28(8)
114.29(12)
111.7(13)
114.8(12)
123.94(18)
119.82(15)
116.06(13)
121.9(2)
120.1(13)
117.8(12)
122.4(2)
121.1(2)
116.51(18)
120.8(2)
120.3(12)
118.8(12)
125.9(2)
122.5(13)
111.0(13)
110.73(14)
109.52(14)
110.50(16)
106.15(15)
109.37(15)
110.47(15)
112.85(18)
111.09(19)
111.26(18)
108.01(14)
110.51(14)
102.61(14)
110.1(12)
111.6(12)
102.4(16)
112.6(11)
108.1(16)
111.5(16)
110.0(12)
119.6(15)
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H(9B1)-C(9B)-H(9B2)  110.7(19) N(1C)-C(6C)-C(5C) 110.89(14)
C(7B)-C(9B)-H(9B3)  115.6(13) N(1C)-C(6C)-C(1C) 108.60(15)
H(9B1)-C(9B)-H(9B3)  98.6(16) C(5C)-C(6C)-C(1C) 110.28(15)
H(9B2)-C(9B)-H(9B3)  100.2(18) N(1C)-C(6C)-C(11C) 107.28(14)
C(7B)-C(10B)-H(10D)  112.5(12) C(5C)-C(6C)-C(11C) 107.68(16)
C(7B)-C(10B)-H(10E)  111.4(13) C(1C)-C(6C)-C(11C) 112.08(16)
H(10D)-C(10B)-H(10E) 108.8(17) C(10C)-C(7C)-C(8C) 112.51(18)
C(7B)-C(10B)-H(10F)  108.6(12) C(10C)-C(7C)-C(9C) 111.21(17)
H(10D)-C(10B)-H(10F) 111.5(18) C(8C)-C(7C)-C(9C) 110.61(17)
H(10E)-C(10B)-H(10F)  103.7(17) C(10C)-C(7C)-S(1C) 106.92(14)
C(12B)-C(11B)-C(6B)  114.06(18) C(8C)-C(7C)-S(1C) 111.00(13)
C(12B)-C(11B)-H(11C)  106.1(13) C(9C)-C(7C)-S(1C) 104.22(14)
C(6B)-C(11B)-H(11C)  109.5(12) C(7C)-C(8C)-H(8C1) 107.8(12)
C(12B)-C(11B)-H(11D)  110.7(9) C(7C)-C(8C)-H(8C2) 112.5(10)
C(6B)-C(11B)-H(11D)  106.9(9) H(8C1)-C(8C)-H(8C2) 103.0(14)
H(11C)-C(11B)-H(11D) 109.5(15) C(7C)-C(8C)-H(8C3) 112.1(10)
C(11B)-C(12B)-H(12D) 114.0(12) H(8C1)-C(8C)-H(8C3) 108.1(15)
C(11B)-C(12B)-H(12E)  112.1(12) H(8C2)-C(8C)-H(8C3) 112.7(15)
H(12D)-C(12B)-H(12E) 101.4(15) C(7C)-C(9C)-H(9C1) 112.6(9)
C(11B)-C(12B)-H(12F)  118.9(12) C(7C)-C(9C)-H(9C2) 112.0(12)
H(12D)-C(12B)-H(12F) 102.0(16) H(9C1)-C(9C)-H(9C2) 112.0(14)
H(12E)-C(12B)-H(12F)  106.5(15) C(7C)-C(9C)-H(9C3) 106.0(12)
0(20)-S(1C)-N(1C) 110.32(8) H(9C1)-C(9C)-H(9C3) 112.0(15)
0(20)-S(1C)-C(7C) 104.89(8) H(9C2)-C(9C)-H(9C3) 101.6(16)
N(1C)-S(1C)-C(7C) 100.00(8) C(7C)-C(10C)-H(10G) 109.8(12)
C(6C)-N(1C)-S(1C)  117.11(12) C(7C)-C(10C)-H(10H) 108.1(13)
C(6C)-N(1C)-H(1C) 116.4(11) H(10G)-C(10C)-H(10H) 108.3(16)
S(1C)-N(1C)-H(1C) 114.4(12) C(7C)-C(10C)-H(101) 108.6(11)
C(2C)-C(10)-C(6C)  125.51(18) H(10G)-C(10C)-H(10I) 113.9(16)
C(2C)-C(1C)-Br(3) 119.91(16) H(10H)-C(10C)-H(10I) 107.9(16)
C(6C)-C(1C)-Br(3) 114.58(13) C(12C)-C(11C)-C(6C) 112.65(17)
C(1C)-C(2C)-C(3C) 121.5(2) C(12C)-C(11C)-H(11E) 111.8(11)
C(1C)-C(2C)-H(2C) 120.4(15) C(6C)-C(11C)-H(11E) 105.5(12)
C(3C)-C(2C)-H(2C) 118.1(15) C(12C)-C(11C)-H(11F) 109.6(10)
0(1C)-C(3C)-C(2C) 121.6(2) C(6C)-C(11C)-H(11F) 111.4(10)
0(1C)-C(3C)-C(4C) 122.4(2) H(11E)-C(11C)-H(11F) 105.6(14)
C(2C)-C(3C)-C(4C)  115.94(18) C(11C)-C(12C)-H(12G) 109.7(10)
C(5C)-C(4C)-C(3C) 122.3(2) C(11C)-C(12C)-H(12H) 111.2(12)
C(5C)-C(4C)-H(4C) 121.7(13) H(12G)-C(12C)-H(12H) 111.9(16)
C(3C)-C(4C)-H(4C) 115.8(13) C(11C)-C(12C)-H(121) 108.2(14)
C(4C)-C(5C)-C(6C)  124.19(19) H(12G)-C(12C)-H(121) 117.4(17)
C(4C)-C(5C)-H(5C) 122.4(12) H(12H)-C(12C)-H(121) 98.0(18)

C(6C)-C(5C)-H(5C) 113.3(12)
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Table A2.4. Anisotropic displacement parameters (A2x 10%4) for RUN02 (CCDC 780836).
The anisotropic displacement factor exponent takes the form: -2p2[ h2a*2U11 + .+ 2 hk
a*b* U2

Ull U22 U33 U23 U13 U12
Br(1) 290(1) 195(1) 416(1) 73(1) 92(1) -18(1)
S(1A)  142(2) 172(2) 140(3) 1(2) 13(2) 9(2)
O(1A) 290(8) 349(9) 232(9) -12(7) 76(7) 118(7)
0(2A)  210(7) 205(7) 188(7) 65(6) 55(6) 21(6)
N(1A)  186(8) 144(9) 143(9) -24(8) 22(7) 34(7)
C(1A) 167(9) 159(10) 208(11) 32(9) -33(8) 11(8)
C(2A)  233(10) 153(11) 224(12) -12(9) 0(9) 40(9)
CBA)  195(10) 257(11) 153(11) 43(9) -43(8) 73(8)
C(4A)  145(9) 250(12) 246(12) 42(10) 24(8) -19(8)
C(5A)  140(8) 151(10) 219(11) 1(9) -39(8) 16(8)
C(6A)  148(9) 148(10) 140(10) 3(8) 10(8) 37(7)
C(7A)  130(9) 161(10) 203(11) 10(9) -4(8) 13(7)
C(8A)  181(10) 215(12) 243(13) -14(10) 13(9) 22(9)
C(9A)  219(11) 383(15) 285(14) -82(12) -78(10) 68(11)
C(10A)  144(10) 232(13) 464(17) 8(12) 13(11) -14(9)
C(11A)  226(10) 246(12) 195(12) -19(10) 11(9) 78(9)
C(12A)  300(12) 328(15) 165(13) -10(11) -51(10) 109(10)
Br(2) 218(1) 328(1) 391(1) -72(1) 103(1) -69(1)
S(1B)  214(2) 155(2) 113(2) 11(2) 14(2) -32(2)
O(1B) 891(14) 204(9) 562(13) 138(9) -162(11) 11(9)
O(2B)  255(7) 246(8) 155(7) 16(6) -34(6) 4(6)
N(IB)  188(8) 154(9) 136(9) 18(7) 44(7) -40(7)
C(1B)  262(10) 205(11) 113(10) -56(9) 32(8) -59(8)
C(2B)  429(13) 203(12) 161(11) -10(9) 22(10) -151(10)
C(3B)  606(16) 168(12) 238(13) -30(10) -127(11) 8(11)
C(4B)  332(12) 240(13) 381(15) -76(11) -51(11) 61(10)
C(5B)  238(11) 227(12) 258(13) -50(10) 27(9) -3(9)
C(6B) 209(8) 128(9) 139(10) -23(9) 16(7) -39(8)
C(7B)  266(10) 142(10) 160(11) -20(9) 49(8) -43(8)
C(8B)  329(12) 156(11) 308(15) -10(11) 112(11) -67(10)
C(OB)  643(18) 193(13) 217(14) -72(11) 106(13) 5(13)
C(10B)  287(11) 241(13) 348(15) 23(11) 100(11) 23(10)
C(11B)  264(10) 222(11) 159(11) 5(10) 52(9) -70(9)
C(12B)  394(13) 294(14) 168(13) -100(11) 40(11) -97(11)
Br(3) 447(1) 242(1) 407(1) 120(1) 172(1) 27(1)
S(1IC)  177(2) 196(3) 126(3) -15(2) 14(2) -28(2)
O(1C)  475(10) 492(11) 495(12) -84(9) -280(9) 137(9)
0(20) 249(7) 195(7) 225(8) 60(6) 19(6) -42(6)
N(IC)  177(8) 202(9) 133(9) -32(7) 15(7) 6(7)
C(1C)  212(9) 196(10) 196(11) 40(9) 75(8) 45(9)
C@2C)  194(9) 192(11) 356(13) 75(11) 35(9) -26(10)
C3C) 223(10) 322(13) 257(13) -59(11) -5909) 109(9)
C(4C)  287(11) 239(12) 225(12) 82(10) 41(10) 116(9)

C(5C)  251(11) 163(11) 278(13) -4(10) 72(9) 8(9)
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C6C) 1619 208(10) 135(10) 1(9) 21(8)
C(7C)  235(10) 162(10) 189(11) 26(8) 55(8)
C(8C)  257(10) 263(13) 248(13) -48(11) 6(9)
COC)  260(12) 326(14) 254(13) 74(11) 88(10)
C(10C)  400(13) 183(12) 442(16) -32(13) 156(12)
C(11C)  278(11) 307(13) 199(12) -55(11) 26(9)

C(12C)  343(13) 357(15) 277(14) -61(12) 79(11)

23(8)

1(8)
77(10)
-11(10)
16(11)
22(10)
108(11)

225
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Table A2.5. Hydrogen coordinates ( x 104) and isotropic displacement parameters (A2x
103) for RUNO2 (CCDC 780836).

X y z Ui
H(1A) 680(17) 9690(10) 10696(14) 1(5)
H(2A) 2878(17) 7459(10) 9401(14) 23(6)
H(4A) 4585(19) 9508(11) 9152(14) 32(6)
H(5A) 3230(16) 10006(9) 10348(13) 13(5)
H(8A1) -1307(19) 10787(11) 9363(15) 32(6)
H(8A2) -1397(18) 10393(10) 10416(15) 24(5)
H(8A3) -2715(18) 10554(10) 9553(14) 25(5)
H(9A1) -3050(20) 9806(11) 7845(16) 43(7)
H(9A2) -1970(20) 9295(12) 7475(16) 49(7)
H(9A3) -1707(19) 10087(10) 7534(15) 27(6)
H(10A) -1772(18) 8989(10) 10362(15) 23(6)
H(10B) -1812(19) 8532(11) 9239(16) 35(6)
H(10C) -2966(19) 8987(10) 9466(14) 22(5)
H(11A) 1808(16) 8876(9) 12208(13) 9(5)
H(11B) 2591(18) 9603(11) 12058(14) 27(6)
H(12A) 3719(16) 8132(9) 12208(13) 16(5)
H(12B) 3999(17) 8716(10) 12986(15) 19(6)
H(12C) 4600(20) 8842(11) 12008(16) 37(7)
H(1B) 2260(17) 441(10) 7606(13) 14(5)
H(2B) 4155(17) 2724(10) 6114(13) 18(5)
H(4B) 224(17) 2638(11) 6600(14) 28(5)
H(5B) 844(18) 1619(11) 7647(14) 26(6)
H(8BI) 1589(18) -1388(11) 6532(15) 22(5)
H(8B2) 751(18) -732(10) 6410(15) 21(6)
H(8B3) 1897(19) -781(11) 7420(16) 35(6)
H(9BI1) 2860(20) -511(11) 4366(15) 35(6)
H(9B2) 1340(20) -670(13) 4447(19) 63(9)
H(9B3) 2350(18) -1206(11) 4625(15) 24(6)
H(10D) 4325(19) -557(11) 7037(16) 31(6)
H(10E) 4640(20) -503(12) 5916(17) 46(7)
H(10F) 4188(18) -1241(12) 6290(16) 33(6)
H(11C) 2666(18) 1320(11) 9099(14) 28(6)
H(11D) 4213(17) 1188(10) 8913(14) 28(5)
H(12D) 4276(19) 2590(12) 8910(14) 44(6)
H(12E) 3795(16) 2316(10) 9895(14) 17(5)
H(12F) 2760(20) 2679(13) 9065(15) 47(7)
H(1C) -61(17) 5901(10) 5955(14) 19(5)
H(2C) 4390(19) 6797(10) 7546(16) 33(7)
H(4C) 3426(18) 4836(10) 8550(14) 19(6)
H(5C) 1695(18) 4768(10) 7196(14) 24(6)
H(8C1) -3048(18) 6886(10) 6336(14) 26(6)
H(8C2) -2699(17) 6101(10) 6516(14) 17(5)
H(8C3) -1971(17) 6612(10) 5679(14) 23(5)
H(9C1) -1266(16) 7081(10) 8972(13) 18(5)
H(9C2) -2431(18) 6514(11) 8445(14) 30(6)

H(9C3) -2649(19) 7294(11) 8168(15) 35(6)
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H(10G) -172(18) 7526(11) 6447(15) 29(6)
H(10H) 43(19) 7728(12) 7665(15) 41(7)
H(101) -1299(18) 7979(10) 6953(14) 21(5)
H(11E) 1320(20) 4978(11) 5276(16) 41(7)
H(11F) 1625(17) 5765(10) 4720(14) 16(5)
H(12G) 4043(18) 5574(10) 5207(14) 25(6)
H(12H) 3370(20) 4825(13) 4412(19) 71(8)

H(121) 3640(20) 4733(12) 5633(19) 55(8)
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Table A2.6. Hydrogen bonds for RUN02 (CCDC 780836) [A and °].

228

D-H..A d(D-H) d(H...A) d(D...A) <(DHA)
N(1A)-H(1A)...02C)#1 0.692(16) 2.219(16) 2.897(2) 167(2)

N(1B)-H(1B)..OQ2A#2  0.802(17) 2.148(17) 2.9066(19) 158.0(17)
N(1C)-H(1C)...0(2B)#3 0.876(17) 2.001(17) 2.834(2) 158.6(16)

Symmetry transformations used to generate equivalent atoms:
#1 -x,y+1/2,-z+2

#2 x,y-1,z

#3 -x,y+1/2,-z+1
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CHAPTER 3

An Introduction to Acutumine

3.1.  Introduction

A second collection of alkaloids that exhibit the azapropellane structural framework
is exemplified by acutumine (133, Figure 1). In contrast to its hasubanan counterparts,
acutumine bears a [4.3.3] propellane backbone adorned with a spirocyclic
cyclopentenone moiety. Embedded within this densely functionalized molecule are five
contiguous stereocenters, two of which are all-carbon quaternary centers. Additionally,
one of the stereogenic carbons bears a neopentylic chloride. Since the original structural
elucidation of 133 in the late 1960s, a total of 12 related alkaloids have been identified to
date, which possess slight variations in their oxidation state and peripheral structure (see
Figure 1).

In addition to its unique structural architecture, acutumine has been found to exhibit
distinctive medicinal properties, including selective T-cell cytotoxicity' and antiamnesic

properties.”> More recently, dauricumidine (136) was found to display modest cytoxicity
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against a hepatitis B virus-transfected cell line.> Not surprisingly, these structural and
biological properties have attracted considerable attention from the synthetic community.
This chapter is intended to present a brief introduction to acutumine, beginning with its
isolation, characterization, and potential biosynthetic origins. This background will lead

into a discussion of the synthetic approaches toward this challenging target.

OMe
o8 OH
09 H o H
—N> —N>
MeO oo R MeG .o R MeG o We MeO (o WMe
acutumine (133), R=Me  dauricumine (135), R = Me hypserpanine A (137) acutudaurin (138)

acutumidine (134), R=H  dauricumidine (136), R=H

OMe OMe
OH
H Cl MeO X
H H H
[o] ) (o) ° [o] °
A} A Ay
MeO ome R MeO OMe Me MeO OMe Me MeO OMe Me
dechloroacutumine (139), R = Me dechlorodauricumine (141)  acutuminine (142) chlolimalongine (143), X = Cl
dechloroacutumidine (140), R=H limalongine (144), X =H

Figure 1. The acutumine alkaloids.

3.2. Isolation

In 1929, Goto and Sudzuki reported the isolation of acutumine from Sinomenium
acutum, a climbing plant of the Menispermaceae family.* However, its molecular formula
was misassigned as C,oH7NOg. Tomita and coworkers corrected it to Ci19H24NOGCI in
1967, when they conducted an extensive spectroscopic and chemical analysis of the
natural product.” In this series of studies, the authors also obtained an X-ray crystal

structure of 133, thereby confirming their structural assignment. The absolute
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configuration of acutumine was determined via comparison of its CD spectral patterns
with those of hasubanonine.’ Using this data, the authors also elucidated the structure of
acutumidine (134), a natural product they isolated alongside 133.

Over two decades elapsed before other natural products bearing the acutumine
framework began to emerge. The new alkaloids were characterized by comparison of

their spectral data to that of acutumine.'”""

These acutumine analogs mainly differ in
(1) the presence of a stereogenic C-Cl bond, and (2) the composition of the spirocyclic
enone. These structural differences can be subtle—such as the epimeric relationship
between 133 and dauricumine—or more pronounced, as is the case with the
cylcohexenone-bearing acutudaurin (138). These slight deviations from the common
spirocycle-containing [4.4.3] propellane framework have led to queries regarding the

biosynthetic origins of the acutumine alkaloids. These studies are discussed in detail

below.

3.3. Biosynthesis

As part of their studies regarding the biosynthesis of several morphinan alkaloids,
Barton and coworkers put forth a biosynthetic pathway for acutumine.'' The authors
speculated that isoquinoline derivative 145 undergoes intramolecular phenol coupling to
deliver spirocycle 146. Sequential epoxidation of this intermediate provides diepoxide
147, an intermediate proposed to undergo a Favorskii-type rearrangement to install the A
ring of the natural product. Acid 148 can be elaborated to cyclopentenone 150 via a
decarboxylative epoxide opening followed by oxidation of the resulting diol. To establish

the propellane core, the quinone functionality of 150 is hypothesized to undergo
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nucleophilic attack by the pendant isoquinoline nitrogen, thereby furnishing aziridinium
ion 151. A 1,2-hydride shift can then afford carbocation 152, which upon nucleophilic

attack by a chloride anion and D-ring isomerization can yield the natural product.

M o] ]/
HO Q e ° (ai
@ 9,
F phenol
oxidation o
R Ty o > Py 5 5
‘N S S
"Me ‘ Me ‘ Me
MeO OMe MeO OMe MeO Me
OH o o 147
145 146 Favorskii-type
rearrangement
(o]
OMe OMe OMe

chloride
installation,
isomerization

Figure 2. Barton’s proposed biosynthesis of the spirocyclic cyclopentenone.

While Barton’s proposal offers intriguing biosynthetic transformations, the authors
present limited experimental data to verify this potential route. To examine the feasibility
of a Favorskii-type cyclopentenone formation, Matoba and coworkers set out to prepare
and examine the reactivity of a simple model substrate, epoxide 153."> Exposure of
epoxyenone 153 to m-CPBA in refluxing 1,1,1-trichloroethane delivered lactone 154 in
52% yield. Unfortunately, other attempts to prepare bisepoxide 155 from the

corresponding dienone proved unfruitful. More recently, Wipf and coworkers were met



Chapter 3 — An Introduction to Acutumine 233

with a similar reactivity patterns. In their case, addition of 153 to a buffered solution of
m-CPBA in CH,Cl, only provided epoxylactone 159.”° The formation of 159 is
speculated to arise from an initial epoxide opening of 156, which generates the
corresponding oxocarbenium ion. Peracid addition to this oxocarbenium ion delivers 157,
an intermediate hypothesized to undergo a Baeyer-Villiger ring expansion and

translactonization reaction to form 159.

i. Matoba and coworkers, 1984:

o
OMe m-CPBA
0 CHCl,74a°c ~ O S .
0
Me” “Me (52% yield) : OMe!
153 ‘o o !
ii. Wipf and coworkers, 2007: ' :
o o) i+ Me Me !
on ! 155 ;
e m-CPBA, Na,HPO, _ ) L _notobserved .
o CH,Cl,, 180 o .
‘CO,Me
Me” Me (80% yield) Me  Me
153 159

¢ N }

(o] o) fo) (o]
i\ 04.}
OMe cPBA OMe Q o
o oy 28 o Y | — OMe
OH
wie OH

Me" Me Me" Me Me
156 157 158

Figure 3. Bisepoxidation studies by Matoba and Wipf.

Based on this unexpected reactivity, Wipf and coworkers put forth an alternative
mechanism for cyclopentenone biosynthesis. In this scenario, epoxidation of dienol 160
initially yields ketone hydrate 162, which is converted to 163 via a semipinacol-type
rearrangement. Decarboxylation of 163 is then thought to establish the cyclopentenone

moiety of acutumine. Interestingly, the authors posit that the isolation of acutudaurin
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(138, see Figure 1), a potential acutumine alkaloid precursor, provides further evidence

for their biosynthetic proposal.

MeQ  OH Meo < OH meo (0

o OH

o I Yo e
T, — I = I
N, ‘N ‘N
SO oG I &
MeO OMe MeO OMe MeO OMe

0

[o] (o]
160 161 162

OMe OMe
OH
2o 2 yon
-Co,
—= I, T Ty
"N "N
(e (e
MeO OMe MeO OMe
o o
163 150

Figure 4. Wipf's biosynthetic proposal.

While the studies discussed above present plausible reaction pathways for acutumine
biosynthesis, thorough biological investigations to probe these mechanistic possibilities
are limited. In 1999, Sugimoto and coworkers conducted feeding experiments with *C-
labeled tyrosine, which demonstrated that two molecules of tyrosine are incorporated into
acutumine.'* Additionally, the authors found that *H-labeled dechloroacutumine (134, see
Figure 5) can be converted to 133 in vitro, suggesting that dechloroacutumine is a
precursor of 133. To further investigate the potential interrelationship between the
acutumine alkaloids, Sugimoto more recently disclosed feeding experiments using *°Cl-
labeled 133-136 in Menispermum dauricum root cultures (Figure 5).” These studies
revealed a mutual interconversion between each pair of N-alkyl and N-H compounds

(e.g., 133 and 134, 135 and 136). Moreover, the authors determined that dauricumine
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could be epimerized to acutumine; however, the converse relationship was not observed.

This collective data suggests that dauricumine (135) is a biogenetic precursor to 133, 134,

and 136.
OMe OMe
OH OH
cl (o]
H methylation H epimerization
P
o o ~——— o ° -
N> N>
A} A
MeO Ome H MeO OMe Me MeO OMe Me MeO ome H
acutumidine (134) acutumine (133) dauricumine (135) dauricumidine (136)

Figure 5. Potential interconversion between the acutumine alkaloids.

In spite of these biosynthetic investigations, there remain a number of aspects of the
proposed pathway that need to be addressed. Although a number of parallels can be
drawn between propellane formation of acutumine and the hasubanan alkaloids,"
mechanistic studies that probe this key transformation in the context of acutumine have
not been reported. Moreover, chloride installation remains an elusive mechanistic query.
Barton suggests nucleophilic attack by a chloride anion to be an operative mechanism; on
the other hand, a wealth of literature data suggests that organochlorides are commonly
bioengineered via electrophilic chlorination reactions.'® Further studies that carefully
examine these potential biogenetic pathways will ultimately deepen our understanding of

propellane alkaloid synthesis.

3.4. Previous Synthetic Studies

Despite the fact that its structure was elucidated over 40 years ago, acutumine

remains a challenging target for total synthesis endeavors. Indeed, only two completed
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syntheses of acutumine have been reported to date. The discussion below showcases
existing strategies toward the acutumine alkaloids, and focuses on the key

transformations of each.

3.4.1. Sorensen’s Strategy

In 2007, Sorensen and Moreau reported their synthetic approach toward acutumine.
Specifically, the authors sought to harness the reactivity of enolates to construct the
propellane framework."” To this end, readily available pyrrolidinone 164 was advanced to
alkyne 166 following an enolate alkylation/Grignard addition reaction sequence.
Exposure of 166 to VO(acac), and ~-BuOOH facilitated a directed epoxidation of the
pendant olefin, thereby delivering 167 in good yield. Palladium-catalyzed carbonylative
cyclization of 167 afforded the corresponding vinylogous ester, which was subjected to

periodate-mediated oxidation to yield ketone 168.

0 1. NaH; then }’M'a AN
0 ’ prop!argyl OH VO(acac), o HO
OMe bromide K +BuOOH ]
%
N 2, Me 165 P N CH,Cl,,0°Ctort Me N\Boc
‘B 7
ocC )\,MgBr Me0,C ‘Boc (80% yield) MeO o
164 166 167

(65% yield, 2 steps)

1. (MeCN),PdCl, MeO. o
benzoquinone (o] \ 8
CO, MeOH, 0 °C, 90% _ o 4N

2. NalOy, Hsl0g Me N‘Boc
THF/H,0, 0 °C to rt

MeO o
169
o 0 o o}
MeO MeO
] NaHMDS ]
N, THF,-78t0 0 °C N
. Boc Boc
(64% yield, CO,Me
2 steps) 0% “Me 2 (84% yield) 0P~ NoH
170 171

Figure 6. Sorensen’s approach to acutumine.
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In a key step in their synthesis, the authors found that treatment of 168 with a mild
base unveils enolate 169, which immediately attacks the a,p-unsaturated ketone moiety to
afford B-ketoester 170. The D ring of acutumine was then constructed by a Dieckmann
cyclization, which yielded propellane 171 in 84% yield. Using this sequence, 171 could
be accessed in 10 steps from commercially available starting materials. Unfortunately,
attempts to advance this and similar intermediates to the natural product have proven

unfruitful.'>"

3.4.2. Castle’s Total Synthesis

The first total synthesis of acutumine was accomplished by Castle and coworkers in
2009.%° Their synthetic efforts commenced with Weinreb amide 173, an intermediate that
suffers nucleophilic attack by the Grignard reagent of vinyl iodide 172 to give enone 174.
Selective 1,2-reduction of the ketone was effected using the Corey-Bakshi-Shibata (CBS)
catalyst, and the resulting alcohol was treated with MsCI/Et;N to furnish chloride 175 in
59% yield over two steps. Enone 176 could be prepared from 175 via cleavage of the
TES group and subsequent oxidation of the free alcohol.

With access to 176, the authors were poised to examine a radical-polar crossover
reaction to install the 5,5-spirocycle of the natural product. After a screen of reaction

! the desired transformation was effected by irradiation of 176 in the

parameters,2
presence of (Bu3Sn),/Et;Al followed by addition of oxaziridine 177, ultimately providing
178 in 69% yield. After an additional five steps, 178 could be elaborated to o-quinone
monoketal 179. Allylation of this intermediate with chiral allylzinc reagent 180 afforded

alcohol 181 in good yield and excellent diastereoselectivity. At this point, the ethylamine
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bridge was installed following a three-step sequence involving oxy-Cope rearrangement,
ozonolysis of the resulting olefin, and reductive amination. Finally, the pyrrolidine ring
of 133 was constructed by treatment of amine 182 with BCls, which provided propellane
183 in 45% yield. Additional functional group manipulations led to the synthesis of

acutumine (133) in a total of 29 steps from commercially available starting materials.

Me
0N
TESO ~ i-PrMgCl-LiCl 1. (R)-CBS cat.
! OMe  FHEoc-5: BHg*THF
. then 173 THF, 10 °C
THF, -20to 0 °C 2. MsCl, Et;N
| CH,CI
BnO OMe Gl
TBSO (62% yield) 58% vield. 2
172 OMe 173 (58% yield, 2 steps)

O 177

VN,A",
/ PhO,S Me
bTBS (Bu3Sn),, EtzAl

‘ 1. HF+pyr, THF
ortBs 2. PCC, CH,Cl,
—_— T

0°C, THF
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BnO OMe 175 2 steps)  BNO OMe 476 (69% yield)
OMe OMe
TBSO TBSO
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Figure 7. Castle’s total synthesis of acutumine.

3.4.3. Herzon’s Total Synthesis

The Herzon group recently disclosed their efforts toward a number of propellane

alkaloids, which has culminated in the preparation of acutumine.*” In accord with their
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synthetic strategy toward the hasubanan alkaloids, treatment of 184 with MeOTf
followed by addition of organolithium 185 at —90 °C afforded 1,2-addition product 186 in
85% yield (Figure 8). Thermal extrusion of 5-trimethylsilylcyclopentadiene and
hydrostannylation of 186 delivered dienone 187. Moving forward, the authors were able
to install both all-carbon quaternary stereocenters in a single step by treatment of 187

with TBAF in DMF; however, this key reaction furnishes 188 in only 37% yield.

i) MeOTf TMS
||) 5y
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™S d
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then NaSMe 0 2. p-TsOH, MeOH B
SnBu
T von e T 3
M -Fr) s MeO
eO (77% yield, MeO N
4 steps) Me” 189
NIS
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Figure 8. Herzon’s synthesis of 133 and 134.

At this point, completion of the synthesis required installation of the chloride and
elaboration of the A-ring (see Figure 1, 132) to the requisite cyclopentenone. Toward this
goal, chlorodestannylation and acid-mediated acetonide cleavage afforded the

corresponding diol, which was oxidized to diketone 189. In situ trapping of 189 with
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sodium methanethiolate and treatment with diazomethane yielded methoxyenone 190.
Activation of the sulfide with N-iodosuccinimide in formic acid promoted the formation
of mixed ketal 191, an intermediate subjected to thermal [3,3] sigmatropic rearrangement
conditions to deliver formate ester 192. In four additional steps, the authors could

advance 192 to acutumine (133) and dechloroacutumine (134).

3.5. Concluding Remarks

Almost 50 years have elapsed since the first investigations regarding the biosynthesis
and structure of acutumine were reported. Despite its decades of history, this alkaloid
remains an elusive target for total chemical synthesis. Nevertheless, the studies discussed
in this chapter highlight our ability as synthetic chemists to implement novel synthetic
technologies toward densely functionalized, polycyclic alkaloid natural products. As new
members of this family continue to emerge, it will become increasingly important to

develop novel and efficient approaches to access these complex alkaloids.
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CHAPTER 4

Progress Toward the Total Synthesis of Acutumine’

4.1. Introduction

Acutumine arguably represents one of the most structurally complex propellane
alkaloids. As was discussed in the previous chapter, its promising biological properties
and densely functionalized architecture render this molecule an attractive, yet formidable
synthetic target. A comparison of the studies discussed in Section 3.4 reveals two
significant, commonly encountered challenges in the synthesis of acutumine: the efficient
construction of the two vicinal, all-carbon quaternary stereocenters, and stereoselective
installation of the chloride. With these considerations in mind, an efficient route to
acutumine that utilizes the diastercoselective 1,2-addition to benzoquinone-derived
sulfinimines developed in our laboratory was envisioned. Our synthetic plan is discussed

in detail below.

" Portions of this chapter have been reproduced from published studies (see reference 5) and the supporting
information found therein. The research presented in this chapter was completed in collaboration with John
R. Butler, a postdoctoral scholar in the Reisman group.
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4.2. Synthetic Approach

In a retrosynthetic sense, acutumine (133) was simplified to diol 193, an intermediate
envisioned to arise from lactol 195 by a retro-aldol/aldol sequence (Figure 1). In this key
reaction, the strained nature of the cyclobutane embedded within pentacycle 195 was
expected to facilitate cleavage of the C4-C5 bond to give keto-aldehyde 194, which could
then undergo intramolecular aldol ring closure. While on first inspection, lactol 195
appears to be a complex structural framework, we hypothesized that its cyclobutane core
could be constructed in a straightforward fashion by a photochemical [2+2]
cycloaddition. This disconnection reduces our target to dihydroindolone 197, a structural

motif readily obtained using the previously developed sulfinimine chemistry.

retro-aldol/ Me Cl
aldol sequence =OH

Ay
MeO OMe Me
acutumine (133)

cl o\ ¢l
=
0 —_— [2+2] Me
Me H cycloaddition H
o —— o
Y .

197 We 196 Me

Figure 1. Retrosynthetic analysis of acutumine.

Alternatively, we recognized that isomeric dihydroindolone 202 could also be a
viable intermediate en route to acutumine (Figure 2). Indeed, [2+2] cycloaddition and
oxidation of this substrate would deliver diol 200, which can undergo the retro-aldol

fragmentation to afford a-hydroxyketone 199. Intramolecular aldol reaction of 199 would
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produce cyclopentanone 198, a structural isomer of 193 also anticipated to be amenable

to the synthesis of acutumine.

MeO

o\ ¢l o Yy ¢
H = H
H
— o= :\’ﬁgx

N
201 Me 202

Figure 2. Alternative retro-aldol/aldol precursor.

The synthesis of dihydroindolones 197 and 202 raises questions regarding a key
component to our synthetic planning: installation of the stereogenic C—Cl bond.
Specifically, the preparation of 197 and 202 using our 1,2-addition methodology
necessitates the use of a nucleophile bearing an appropriate functional handle to advance
to the chloride. It was envisioned that addition of a furan-derived enolate (203) to
bromosulfinimine 96¢ (Figure 3). Addition of such nucleophiles to #-butanesulfinimines
is not unprecedented: Ellman and coworkers have demonstrated that 1,2-addition of
simple enolates to sulfinyl ketimines generates -amino acid derivatives in excellent yield
and diastereoselectivity.! If successful, the resulting ketone-containing sulfinamides
could be elaborated to 197 and 202 following our previously optimized cross-

coupling/acid cyclization sequence.””
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ci

202

. Me
ME*<\J\/ \N

246
o]
8 )
tBu” N o]
Br
0™ 203
MeO OMe

96b

Figure 3. A diastereoselective enolate addition approach for 197 and 202.

Alternatively, it was anticipated that the [2+2] cycloaddition/retro-aldol/aldol strategy

could be assessed by exploring the synthesis of des-chloro dihydroindolones 207 and 208

(Figure 4). Importantly, these substrates were expected to be readily accessible by

addition of the appropriate furan-containing Grignard reagent to bromosulfinimine 96¢

and elaboration using our previously established conditions. In addition to simplifying

substrate preparation, this retrosynthetic modification also presents an opportunity to

evaluate a late-stage chlorination via C—H activation chemistry (204 to 193). While

reports of C—H activation occurring at secondary positions are limited, intermediates such

as 204 represent an exciting new platform to develop novel C—H functionalization

reactions.

OH
¢l late-stage
I H chlorination
o
% o)
MeO .. We MeO
0"\
Me
O
:/\ —N\
\
206 Me

o

OH

—N>
A
204 Me

Figure 4. A late-stage chlorination approach.

OH
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208, R' = H, R2 = Me
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4.3. Synthetic Investigations

4.3.1. An Enolate 1,2-Addition Strategy. To ascertain the potential utility of an
enolate 1,2-addition strategy, initial studies sought to explore the reactivity of ketofuran
209. We were pleased to find that exposure of 96¢ to the sodium enolate of 209 at —78 °C
affords sulfinamide 210 in 98% yield and excellent diastereoselectivity (Figure 5).
Unfortunately, quenching the sulfinamide anion with Mel and HMPA under our
previously optimized conditions® delivered an intractable mixture of products. Attempts
to alkylate the sulfinamide in a separate step with a variety of methylating reagents
revealed that 210 is unstable under basic conditions. On the other hand, cross-coupling of
sulfinamide 210 with stannane 105 proceeded without incident; however, subjection of

211 to our optimal cyclization conditions (HCl, THF, 0 °C) led to significant

decomposition.
o o 209 Me Me
s (n:e.z Squi) o\ 105 OEt
tBu” N Me /o | ] 0= Bugsn \)
Br  NaHMDS (1.2 equiv) _ . NH Pd,(dba)s, AsPh;
THF,-78°C; o A _FPBr DMF, 23 °C
then 1 M aq. HCI
99% yield
MeO OMe (98% yield, (99% yield)
96¢Cc >98:2d.r.) 210 o
Me
1.=—TMS o7 \tBu
PdCI,(PPh),, Cul — 0:3‘" X
THF/Et;N .
20 ——MM>» -, JNH ML, .,
2. AgNO;, KI 4 #Z
EtOH
o
(62% vield, 2 steps) 212 0 213b,R=5(0)t-Bu

Figure 5. Attempts to prepare indolone 213.

Moving forward, it was hypothesized that the requisite pyrrolidine ring could

potentially be installed via an intramolecular hydroamination of alkyne-bearing
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sulfinamide 212 (Figure 4). Importantly, a number of strategies have emerged that
accomplish this type of transformation under mild reaction conditions.* To evaluate this
approach, 212 was prepared in two steps from 210 following Sonogashira coupling with
trimethylsilylacetylene and deprotection of the silyl-protected alkyne. To our dismay,
attempts to promote the hydroamination with a number of transition metal catalysts only
returned starting material or led to decomposition.

4.3.2. An Alkyl Grignard Addition Approach. Based on these initial challenges,
we turned our attention to the preparation of des-chloro dihydroindolones 207 and 208
(Figure 6). To this end, we examined the use of furan-containing Grignard reagents 214
and 216 in the sulfinimine methodology. Exposure of bromosulfinimine 96¢ to Grignard
reagent 214 at —78 °C resulted in the expected 1,2-addition reaction; however, upon
purification by flash chromatography, the major product was enol ether 215 (Figure 6).’
Presumably, the mildly acidic silica gel mediates an intramolecular Friedel-Crafts
conjugate addition. Although it might be possible to identify purification conditions that
allow for isolation of the 1,2-addition product, the acid sensitivity of this substrate
suggests it would not be amenable to pyrrolidine formation using the previously
established conditions. We hypothesized that in the analogous 2,3-disubstituted furanyl
substrate (216), the C2 methyl group should mitigate this type of reactivity and allow for
isolation of the corresponding 1,2-addition product. This hypothesis was validated when,
upon treatment of sulfinimine 96¢ with Grignard reagent 216 followed by in situ
methylation, sulfinamide 217 was isolated in 68% yield as a single diastereomer.

Sulfinamide 217 was elaborated to dihydroindolone 207 following our optimized

three-step protocol for pyrrolidine formation. Thus, Pd-catalyzed cross-coupling of
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sulfinamide 217 with stannane 105 proceeded smoothly to give enol ether 218. Acid-
mediated cyclization furnished an enamine intermediate, which was then selectively

reduced to afford dihydroindolone 207 in 61% yield over three steps.

Me o
(o] 1 tBu
Me (o) MgBr S O=¢g
A\ N a +Bu” N / MgBr 3
. 5 216 Me | 214 7 N-Me
" Br +-Bu 0" M ve Br o Me | Br
—_—
THF, -78 °C; THF, -78 °C; ° H
then Mel, HMgA; then Mel, HMPA;
then aq. AcOH th . AcOH
217 9 Meo” “OMe en aq. AC 215
o (68% yield, 96¢ OMe

>98:2 d.r.)

Me Me

0 | Me‘ /o 0 | Me
4
N
\ . NS, 1. HCI, THF, 0 °C \ .,
t-Bu P

‘e, ‘e,
Pd,(dba),, AsPh, EN 2. NaBH,, AcOH, 2
DMF, 23 °C MeOH
OEt
(86% yield) 218 (71% yield, 207
o}

2 steps) (o]

7/

Figure 6. Preparation of a [2+2] cycloaddition substrate.

4.3.3. Evaluation of a Photo [2+2] Cycloaddition. With 207 hand, we were
poised to study the key photochemical [2+2] cycloaddition reaction to establish the
propellane core of acutumine. While we were confident we could obtain the desired
linear [2+2] product, it was also noted we could generate the analogous crossed product,
in which the cycloaddition occurs across the other face of the furan olefin (Figure 7, 206
versus 219). Further, it was evident that issues of chemoselectivity might arise, given the

different combinations of potential [2+2] coupling partners (e.g., formation of 220).

S 07N\ <~ =0
o — M Me Melo N
Me hv e e
Ompr=[—_  ""IoiiieT > 4 o o N
N> solvent . N> N

A 1 \
207 Me 206 Me 219 Me 220

Figure 7. Possible products from photo [2+2] cycloaddition of 207.



Chapter 4 — Progress Toward the Total Synthesis of Acutumine 250

We nevertheless conducted a screen of photochemical reaction conditions, varying
both the solvent and the irradiation wavelength.® Irradiation of 207 at 350 nm in benzene
afforded trace amounts of the desired [2+2] product as determined by '"H NMR analysis.
However, following characterization by NMR and IR spectroscopy and HRMS, the major
product of this reaction was assigned as diketone 223 (Figure 8). Diketone 223 is
hypothesized to arise by a photolytic oxa-di-wt-methane rearrangement,” which, following
C—C bond fragmentation, generates the unstable iminium ion 222. Nucleophilic addition
of adventitious water results in iminium hydrolysis and intramolecular conjugate addition

to produce 223.

Me\N

hv (350 nm) ol
wet benzene
Me

0 223 & O

207

(o]

photolytic hydrolysis/
oxa-di-t-methane intramolecular
rearrangement conjugate addition
Me
o Me,
| N
N\ N
‘.,
®

Figure 8. [2+2] photocycloaddition of dihydroindolone 207.

To circumvent this type of undesired reactivity, the C7-C8 enone functionality was
masked as its epoxide under nucleophilic epoxidation conditions (Figure 9). We were
pleased to find that photochemical [2+2] cycloaddition of enone 224 proved more
fruitful: a brief screen of reaction parameters revealed that irradiation of 224 at 350 nm in

pentane was optimal, delivering dihydrofuran 225 in 72% yield. Notably, this reaction



Chapter 4 — Progress Toward the Total Synthesis of Acutumine 251

exhibits a high degree of regioselectivity (for the linear vs. crossed product) and installs

the vicinal all-carbon quaternary centers of acutumine in a single step.

Me

I o
. N\ N hv M
H,0,, LiOH (350 nm) o ©
% ﬁ

MeOH o pentane . %
(70% yield) (72% yield) o Me

207 g 24 g

Figure 9. Photocycloaddition of epoxyenone 224.

4.3.4. Examination of a Retro-Aldol/Aldol Reaction. Having successfully
prepared the propellane core of acutumine, attention turned to investigating the second
key retrosynthetic disconnection: the retro-aldol/aldol sequence. In particular, we
anticipated that oxidation of dihydrofuran 225 would initially generate lactol 226 (Figure
10). At the outset of these studies, it was unclear if this lactol would be an isolable
intermediate. Given the strain embedded within the cyclobutane moiety, it was
hypothesized that C—C bond scission would be facile and may even occur under the
oxidation conditions to deliver aldehyde 227. Exposure of 227 to acidic or basic
conditions was then expected to facilitate intramolecular aldol reaction to afford

spirocyclic cyclopentanone 229.

Figure 10. A retro-aldol/adol strategy for cyclopentenone synthesis.
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We first examined the conversion of the dihydrofuran to a lactol-containing substrate
using standard electrophilic epoxidation conditions. Whereas exposure of 225 to
dimethyldioxirane, m-chloroperoxybenzoic acid, or simple oxaziridines led to N-
oxidation, treatment with N-bromosuccinimide in aqueous THF® afforded bromohydrin
230 in excellent yield as a ~3:1 mixture of diastereomers at the lactol carbon (Figure 11).
The bromohydrin proved to be a surprisingly stable intermediate that could be easily
purified by silica gel chromatography. Single-crystal X-ray diffraction of 230 confirmed
the regiochemical outcome of the photocycloaddition, which generates the linear [2+2]
product. To our dismay, attempts to facilitate a retro-aldol fragmentation of 230 under
mildly acidic or basic conditions led to significant decomposition and failed to produce

detectable quantities of 232 or similar fragmentation products.

OH
07N\
Me NBS 0 Br
Me
o THF/H,0, 20 °C o
':oc‘ ’\{ (88% yield) 5 $
-y \
225 Me O 230 Me
OH /0 : T
Br acid \N
Me Br| or "N
base \\/i'.]'_
TV <o P N
AL = R, N
0 232 Me ) 231 Me ,\q\ \I,_i~~
(not observed)

Figure 11. Attempted fragmentation of bromohydrin 230.

In light of these results, we suspected that the epoxide moiety of 230 might be a
source of undesired reactivity under our retro-aldol conditions. Thus, attention turned to

the construction of dihydrofuran 234, an intermediate in which the C7-C8 alkene has
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been reduced (Figure 12). To this end, Cu-catalyzed conjugate reduction of 207 furnished
enone 233, a substrate that performed well under the previously optimized photo [2+2]
reaction conditions to give dihydrofuran 234 in 71% yield. After an extensive screen of
oxidation conditions, dihydrofuran 234 was found to undergo dihydroxylation under
Upjohn conditions’ to provide diol 235 in good yield. Like its bromohydrin analog, 235
proved to be remarkably stable to silica gel chromatography.

With access to lactol 235, a number of conditions were evaluated for their ability to
cleave the C4-C5 bond by a retro-aldol reaction. Unfortunately, as was observed with
bromohydrin 230, a variety of acidic or basic conditions failed to deliver the desired
product. However, a benzene stock solution of diol 235 used for TLC analysis was found
to slowly develop a single, new spot over the course of several days. To our surprise,
isolation and single-crystal X-ray diffraction of this compound identified it as hemiketal

238.

Me Me
0 | Me\ 0 | Me\
N
\ o, CuCl, NaOt-Bu, \ ‘,, N

dppp, PMHS

hv (350 nm)

— 7
PhMe pentane
(77% yield) (71% yield)
207 g 233
0
OH 7
Me
o) OH
_Oso,NmO T OH  tBuoH o
—_—
acetondeo 0°C o © 5 80 °C o
(77% yield) N (60% yield) }
235 Me 236 Me
OH
Me fﬁ——o 0/ \/O ’%—L
]
— %f L AL
*J } ‘}(
237 Me 238 Me r \‘

/7
/‘\

Figure 12. Isolation of ketal rearrangement product 238.
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It is proposed that aldehyde 236, the product directly formed by retro-aldol
fragmentation of 235, readily tautomerizes to keto-alcohol 237. Formation of this primary
alcohol triggers an intramolecular cyclization cascade, leading to hemiketal 238. A brief
solvent screen identified ~-BuOH as the optimal solvent for this rearrangement, which
could be achieved in 60% yield when the reaction mixture was heated to 80 °C. Ketal 238
has thus far proven recalcitrant in our efforts toward further elaboration to 133.
Nevertheless, the isolation of 238 confirmed the viability of the [2+2]

cycloaddition/retro-aldol sequence to prepare the aza-propellane core of acutumine.

4.3.5. A lactone Fragmentation Strategy. Given the intermediacy of retro-aldol
product 236, we next sought to access an isolable cyclobutane fragmentation intermediate
that could be advanced to the natural product. Specifically, it was envisioned that a
deleterious tautomerization/ketalization event would be precluded in the corresponding
lactone substrate (239, Figure 13). Indeed, nucleophilic ring opening of lactone 239
would deliver a-hydroxyester 240, an intermediate without an accessible tautomerization
pathway. Moreover, a Dieckmann cyclization between the methyl ketone and ester
moieties of 240 would deliver an acutumine precursor (241) bearing the appropriate

oxidation pattern about its cyclopentenone ring.

OR2 OH
OA) OR! 3:0 OR! oR? OR"
oMef __________ > . o ._.__._F!__) o g
'Y % _—. %‘
0 539 Me 0 40 Me © 241 Me

Figure 13. A retro-Dieckmann/retro-aldol approach.
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The preparation of a suitable lactone substrate commenced with dihydrofuran 225
(Figure 14). Exposure of 225 to the previously identified dihydroxylation conditions
delivered lactol 242 as an inconsequential 3:1 mixture of diastereomers. A screen of
numerous oxidation conditions revealed that treatment with chromic acid was optimal,
generating lactone 243 in 60% yield over 2 steps. Remarkably, 243 is the exclusive
oxidation product formed in this reaction. At this point, we sought to protect the free
alcohol of 243 as its benzyl ether; however, reaction of 243 with Cs,CO; and benzyl
bromide'’ (BnBr) did not afford the desired product. Instead, 1 and 2D NMR analysis
identified the major product as cyclobutane 245, which was obtained in 40% yield. It is
hypothesized that this unusual product results from an initial base-mediated elimination
of the lactone to deliver carboxylate anion 244. This intermediate then reacts with BnBr

and undergoes olefin isomerization to produce 245.

OH
(o)
M ) (o) OH CrO3
e 0s0,, NMO Ve aq. 1,80,
0 ° acetone, 0 °C
¢ % acetone/H,0, 0 °C o ~
ol 1 N -
O 205 Me =N (60% yield,
O 540 Me 2 steps)
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BnBr (o]
Cs,CO; Me, OH
CH,Cl,, 40 °C o >
N>
(40% yield) =3 N

Figure 14. Isolation of cyclobutane 245.

To mitigate the reactivity of the cyclobutane moiety, the use of more mild protection
conditions was examined. To our delight, exposure of lactone 243 to TBSCI and iPr,NEt

in refluxing CH,Cl, furnished silyl ether 246 in 66% yield (Figure 15). With 246 in hand,
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a nucleophile-mediated lactone opening/fragmentation reaction of 246 was investigated.
Unfortunately, addition of numerous alcohol, amine, and thiol nucleophiles to 246 failed
to give the desired product; under most reaction conditions, a complex mixture of
products was observed. Interestingly, treatment of lactone 246 with K,CO3; in MeOH
cleanly afforded a single product by 'H NMR. Isolation and extensive 2D NMR
characterization revealed the product to be ketal 248. It is proposed that methanolysis of
246 generates epoxyketone 247, which reacts further in a methoxide-mediated cyclization

casc<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>